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C hapter 1

htoduct on

M uk layeed sacksofi  oni ctangducas have been devd oped and chaacr zed inhe
Cenerofhd  ligentM aai alsand Sm at Studues CM SS)Lab atVi i nia Tedh.
They wee configued as s aduabis and com bi ned ENOF  aduabis hdks
Theyweeoonnekedi n s esandi npaal |d.Thef dlowing dapesaed  aed b
beexpl oal on ofhesadki  ng pooss haada angitmodd ingitand udyi ng
ispos bleapplicat ons

1.1 Probl em SbeEm ent

bni c Pdymes ae oof tangduoaswhi bdong b hef amiy ofEl edo- Ad we
Poym esEAP)T hey have saveali need ngmehanicalpopet eseped alyha r
lage di placementl agesnd tviyomot on,and | ov opeai on vo Bge On he
oberhand,i onicpdymaesface svealdi sadvanbgeseped alyin heana If ooes
hey can geneake

haddi ton bgna If oce ouputi  onic pod ymesexhi bit' pemanentdai n’
dasand € axal onthati sdei menelbhe ruseasd edom ehani claduabs
Figue 1. 1 @i sanillusai on ofhe pem anent dai neex Thi s eadoous
whenhepd ymerisexd edwi hadspwdl tgeandbhenthed edodesaepl aod at
gound. Thereul tngmotonofhemati apoducesanon- ze0 pam anentdai n

hati sali butd b pem anentdhage edi 4 but on witi nhepa ym er(Newbur,
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Figure 1. 1: @A shem ai cdrawi ng showing the hysereses ofpol ym ersduri ng
operai on and @) the rel axai on.

2002) h addi 1 on b pem anent Sai n, veal essaches have noed hat o n
ioni ¢ pal ym e anduaas exhi bitad axai on phenom enon when aubj eded b ¥
dangesi nhewvd bge e Fi gue 1 1) Thi sd axai on phenom enon educss he
quas -sai caduai on auhoi ¥ ofhe aduabr.

Shdi ng echni quesweedevd opedinodebi  naease he geneaid f oice of
ioni ¢ pal ym er aduabss hi t dly we saed i ng bes ngelayeri onicpaymes
ded alyinsai eswhi chissmplylajinghed psofpd ym eson bp ofeat oher
and apply hed edi cpoenti alacocshewhd edak Sei esdadki ng < ved onl y
pat of e piobl em.tpovi ded higneressiad  on vol Bage but kept he f oe pe
oead vl bge appoxii mady hesameashes ngelagepd yme Theed oe te
s essk di dnotpef om belrbhan be g ngelaygpad ymerifwe comply wih
hed eddl ydisstwdl Bgehodebi noeaxehevd Bgepel aygandi noease
heovea Igeneaed f ooe wi houti naeas ng he va Bge pe sk, we devd oped
paal ld ks Paal ldsadksae s nglelayesi onic pdymesowt aid on tp of
each cheemethani @l lyand conneded i n paal ldd edi caly. Theeaul ti sasak
hatgeneats| agef ooeswi houtexasedi ng hed edol yaslimivo Bge Thi s
edni que woked popaet  y and encoulaged usi no f uheri nved gal ons

Stdd ngofi onicpo ymesnatonl y <l ved hepobl em ofsn alf ocesbuta
poved besdl vehepobl em ofhecompl ex non- unifom behavi ot Non- unifomity



inionicpa ymesaul dbededfined ashysees  se axai on,and he pem anentdai n
pevi oud y defined. t has been pioven hat hose non- unifom behavi os coul d be
90l ved us ng feadbadk contol K ohea, 2002) h oder b acoom pl ish f eedback con-
o ,asenorpd ymewasinsgtd i ndde a sk of evedladuabs T hi S ENr
paym erwasi naul aed,and conneded b a sng ngdioui toi tf ed badkkhemot on.
Thisfom ed hecom bi ned enor  aduabrsadk. R el sdem ondake hathel aiges
obsad ebabdi ninggood pef om ancei swakrtangotbeveen hei ndividuall ay-
es W aer aossover produces a near hot d i td edi caloondi 1 on and produces
feedtiough betveen aduat onlayassand €ns nglayasEl ed clf esdhiough due

D wakr cosover d imnaeshe abi  liyy b pooduce a engduoer hat has com bi ned
snd ngand adual on popet e El imhal ng watr aossover tiough good | naul a
t on enabl eshe devd opm entofa ama langducer hat has sng ng and adual on

cpabi lit es M oeovesf  ordes gn puposssad muki on bowasesent alb m odd
alhoe sadi ng pocesses heef oe Fi nie El enentAna yd s FEA) m ehod was
usd and val idakd by com pai  ng i ouput b he expei mendlieul & The FEA
m ehod was abl e b m oddoom pl ex aduabr geom e esbutheanal ysswasonly
valid bhel ow fequency eponse Thell imii onsofhe FEA mehod moi  vaed
us b adapt N ew bury condui f vemoddb handl e temul 1 layer sadks N ewbury/ S
m odd (N evbur,2002)i s capababl e ofm odd ing 9 m pe cant lever geom ety tans
ducas as s and aduabss f or any ype ofeponze. Fi naly allbebd sand
eul sweeusd bstf ohf orades gnofan bni cPoym eflappi ngM AV.

1.2 Lieaur Revi ew

hhi sed onabi ebakgoundi nfomai ononbni cPdymesispovi ded. The
evi ew hassaed wi  hheddini 1 onofheEl edo- Ad vePdym es N exta ciono-
logicahi i cabadkgoundi spiovi ded and f ollowved by abi efovevi  ew on hem an-
ufadui ngedini queandheopeai onmethanian .Finadlybei need ngpopet es
and hepoent  alappl ical onsafi onicpod ymesaeepl oed.



1.2.1 ElecdoAc vePolymesEAP)

Eledoad vepdymesbd ong b hef amiy ofad vemae ds Ad vemaa as
ae defined asmakli  as hat adapt b a change i n te phys caewv onm entuc
asded cl,hema ,magned cchemi cal,pH,orl ightenvi onment They can be
usd i n bef om ofenosaduabs ad ve dam pesand enegy geneabis (Leo

ooue noes2001) EA P eacsb e change i nthed ed cldomai n,| ikebhewi ddy
ued and wd lknovn d edbad vemall alsuch aspi eod edi cami s Reent
ded oppmensi n he El edoad ve PdymesEAP)hael| ead bi noead ng ineet
in hem ,due b hee flexi biliy whi ch makeshem s miarbbi dogica@musd es Bar
Cohen @d .,199) They aead 0 defined i n fourcaegoi  esgd si onic po ym es
ondud ngpoymesandd edod d vepdymeshhi shed shei neeti  sin
ionic pa ym es

1.2.2 Hidsoi calBadkground of bni c pol ym ers

Poymermedloom pod esweedevd oped aseat y as1930 sasped piai on ofal -
loidal Si Iver on piepaed ubdaes B ar Cohen,2001) h he eat y 1990 s when
Sadeghipouretal . weetyi ng b usei onic po ym es as pesue ansuces hey

found hathey coul datasvi bai on €nos bni ¢ podymeswee devd oped as
"0 id pdymedex yef udod Imembanes Bar Cohen,2001) Lakr i n 1992
w hile Sadeghi pourand cow okes w ee get ngdoebd sowhe radual on capa
bilit esOguo sgoup i n Japan dexai bed he bendi ng oftei onic pa ym es under
he appl ical on ofapoent alacosi shi &knes Si nee han,svealgoups i n te
USA and acosshewot daewoki ngonim piovi ngthem anuf adui  ng piocesschar
ar zngand modding hepef om ancand ssachi ng forappl ical onsforhi snew
ind ligentmalr  al.

1.2.3 M anufacur ng ofbni ¢ polym ers

Pesntd heei sthe geneamehod by whi ¢ ionic pol ym es ae m anuf adued,
alhough seveal vai al onsin he rmanufadui  ng have been epoed B ar Cohen,



Electrodes

Tonic Polymer

Figure 1. 2: Schem ai c ofan bni ¢ Polym er.

2001) Asshovni nFigue 1 2ionicpdymeasoons dofan bni ¢ po ym em em biane
sandw i ched betveen tvo m eblovet ayes

Themari alsusdi nmanufadui ngionicpo ynesaeadongad damed
sltaledud ng demiclol ut on,and pefluoi  naed i onom erm em biane Al hough
hey ae not necesai ly bebedsmai abbeusdi nionicpdymesDuPont s
N afion ™ pioved b have he beg pef om ancei nhecommed ali onicpo ymesThe
m anufadui ng pocessi suwua ly com posd ofheema n $ps Af &rd eaning be
podymewihadgngad dwudasHNOjzad ean hestofpa ypefluooehyl ene
al fonae m em biane N afion "™)issaked i namedsl tol uton PN H 3Cly)D
popul aei twihaedud blemedBar Cohen200l).Dui  nghi ssphemedlsal  t
willexdhangehydiogeni  onintepd ym erbadkbone Thanti  ssam pleisubm eged
in a chem i calledudant such aslLi hi um Boohydi deli BH;)whi th can’ tpenelae
hei onicpad ym eshusthe iedud onwillocouracoodi  ngbeguai ons(. l)and (L. 2)
only atheauf aceofhepd yme

LiBHs+ 4PN H 3)4* + 8OH -~ 4PP9+ 16N H ;0)+ Li BO,&)+ 6H ,0
()



and
LiBH,+ 4H,0 —— 4H@+ Li OH(Li* + OH )+ BOH) ) @ 2)

Equat on (. 2)povi deshehydioxyli  onsneeded i nequai on (L Lheef 09
moesofLi BH4aeequi edbeduce4mo  es[PWNH 3)4* .Not ceinequat on (L 1)
hat he pioduds ae pl ai num medlswhich fom tedendi 1 cdedode Theam -
m onia gaswi llevapoak and he Li hi um Booxi dewillped pite Asf orequai on
@ 2yhe hydiogen gaswi llevapoee e BOH) 3 ped pitehe hydioxyli on will
eadacodi ngbeguai on (L HYwhi leheLi ti um on willdha nwih hepad ymer
inddeted uses

Cument y sveal essadhes ae woki ng on opt miang hi s poes The
af acecondud Vviyi sesent ai ndag nghemembaneBar Cohen,2001) h he
CM SS lab,M at B ennet has been woki ng on hi spobl em,and fuhetyi ng o
incopoaki  nexpens vem el sudh asaopperi nbheoondud ngovet ayerFi nally
ahi d manufaduir ng $p mi ghtbe equi ed b excdhange he cat on wih ancher
onee g epl amheNat+ wi hLi +)whi dh willeéd he pef om ance ofhei onic
poym erasi twillbe desai  bed | aex:

1.2.4 Acuai on M echaniam

Todaehephys clmethani an sthatpoduce aduat onaed Illunci n.Seved
ieeadhes ae ugged ng di [@ent aduat on m odds T he ealaduat on m echani In
ooul d be one ofhoe modd sora combi nai on ofhem. Al lofhoee modd saoon-
dderhe pd yme sionic membane as hydophi licd usesi ndde te hydophobi ¢
fluoocabon pd  ym erbaddone

Themain aaum pt onistatani onsin ted usesae abted D he fluo-
iocabon badkbone B ar Cohen,200)whi lehef eea onswillmove wihi n he
waer medi um under e appl ical on ofan d edi cfid d,caus ng hem b mi gae
owads te cahode T hi sedi & but on willcause om e dhangesi n hepopet es
ofhe pa ym erm em biane at be anode and cahode des Tabl e 1.1 ddineak hose
danges



Anode

Cahode

Deeaxei nhedad wved [Hes
ofhe m em bane

hoeaei nteded wved [bes
ofhe m em biane

Geneat onofalpul svededosi ¢
foe beveen hefixed ani onswhid
inbeeethed usrs zinceas ng

he entopy,and & ax he pe sthed

poym erchai nsdeceas ng hed ad cenegy.

Aninceaei n be atad
hol ding tefixed ani onsd osx b each
ohesdeceas ng heenobpy, and inaeas ng
hed ad cenegy ofhepd yme:

ve f oies

W agri nddeted usswhi disa
dided cmatr a,endsb eor ent
underte appl ical on ofd edi cfid d;
deceas ngheeed wvepemit viyof
hed usssedud nghed edoi
epul svefore bevean hefixed ani ons

OntheCahoded dehi sdeseaei
eged vepemit viyothed uses
inckeexehed el  cfooe baven
hecal onsand beani ons

n he

Duingthe rmigai onjbec onswill

Thisinoeaei nwalri nddeted uses

caly omewaerwi  hhem,deceas ng on heCahoded dei nceaehevd ume
hevd umeodfhed uses ofbed uses

Deseaxi nheosnot cpesuei ndde hoeaei ntheosnoi cpesuei ndde
hed uses hed uses

Table 1.1: C hangeson the cahode and the anode off

B arC ohen,2001)

ouracuai on m echanisn s




1.2.5 hered ng propet esofbni ¢ polym es

bni cPdym esae sof taduabis hat pef om lagebendi ngand flappi ng defled ons
when agnalvd tgei sappl ied acosshe rhi dnesThedi 9l acem entcapabi it es
ae i n he oder of2% -5% Eom paed b 0. 1% -0.3% trhed eddad veomami
Shahi npooretal  .,1998) M oeovertioe m aki adsaeof tfledk bleand m ethani cl
pasf e whi ch makes bhem hi ghly dexeous and iobud Fi nally ionic po ym es
aeabl ebopeaei n hadh ayogeni c oondi f ons @i Bbl e for gpace appl il ong
w hee hey opeak on &m pealies ae as | ow as-130c and pesue off ew Tor
ks JShahi npooretal .,1998) They aea D daacei  zd byl ov aduai on vol Bge
@edi cpoent ad)inteoderofl 5V forhe0. 184 mm hidnespo ymes AK e
and Leo,2003)@i  #bl eleshanl 23V inodebaw dded yds)Ontheoche

hand i onic pa ym es have a num ber ofdi  sadvaneges b ovecome A m g or piob-

lem dedopesf acesmodofhet  mewhen dedling wit i onic pd ym esi sthathey

need b be hydaed al  |het me b opeake popet y i s might be an advanbge

in case of undew aer appl ical onsorbi om edicalappl ical on in which hey wi llbe
im plem entd i nd de e hydiaed humi  d hum an body. ) Fuheem oei  onicpd ym es

K axe af & hey bend due b a $p epongand | ti sbdieed hathi sisdueb
hebadk di WS on ofwarBar Cohen,2001) Thi spopey makesi tmoel ikea
vel 0d ¥ aduaby; iaher han a pod { on aduabr,and he sam e appl ieswhen hey

ae usd asenos(T he send ng 9 gnalbehaves| ikeani mpulewhenadp defled  on
isappl ied bhepd yme) Finaly hey aenon- lineari n heebehai orandi me
vai antwhi ch makeschaacei  zaf on and contoldi [aul ¢

1.3 hi i1 aM oi vai on

Theinit af oausofhethes swasb dudy bef  ead biliy ofus ngionicpo ymesas
flappi ng m edhani an s for flappi ng flight based M i co Ai rVehi desM AV )FIl apping
flighti savaey com pl exasodynami cpiobl em whithisd [lunderiesad. T heef oe
wededded D yon lieauef orobb ning some ough numbesbni cPdymaes
hasb medi nodebflyheM AV.Af &and aboae!| iBale uvey,a kv ew



paper f or W e@Shyy e¢a .(1999) ‘FI apping and flex ble wings f or Bi dogi caland
mipo a rvehi des’i n he Pogesi n Aeogpace Sd ences povi ded us wih hoe
num bes Com pai ng he agodynami cequi emenswi b beepa m enbldaa on
bni cPdymeswe s izd hats ngelayai onicpdymesaef arf om beng able
pbflyanM AV.Thema ordi [aul ywasheana If ocebni cPdym escn geneak,
tushef oaswentoni noess ngitAtfigwe expl oed hepos  hiliy ofi noeas ng
headuai onwvobge Thi saemptwenti nwanaferhei  onicpd ym eseated a
suai onvobgeand hi sinceaei nwlbgea induced hed edol yd sofwakr
ingde hepad ymes Thusteopt on ofi noeed ng he vo Bge wasd imnaed f or
wakrbasd i onicpoymes Fi nally weweel eftwit heopt on ofsacki ngionic
podymeswhi ch poed €ed  ve Fuhem oe m ut layeri onic pol ym es poved b
lveveapobl emsedaed bi onicpodymesand ha rappl ical ons Theef oe
we dhanged hea m ofhi shes sowad daacai ang and i mpovi ng he b ng
ofi onicpa ym es

1.3.1 Poeni alappl icai ons

Allbei need ngpopet esmenionedintbepevi oussd on gvesionicpo ymes
a num berofpoent  alappl il ons Those appl il onscan ange f 1om usd ng hem

as EnNs or as aduabs They coul d be ued i n waer subm eged appl  ical ons
oinohaevi onmensd heaspadkaged pd ymesori onicliquid sl vent basd
poym es B ennet and Leo,2003) bni cpodymesaeusa lymadein bef om of
hi nplaess@0 184 mi comegd)enabl ingbhem bbeuei nMEM S Mado El edo-
M echanicalSysem ) They mi  ghtbe usd assensasb ceae m i a0- aod eom ebs
or as adabis b ceake m i 00 svi m mmg iobos Anoher i need ng popely of
ioni c pol ym esi shathey ae notoxi cforhum an 9 neetey aem adeofNafion ™,

noblemedl sPl a num,and God forheal ng)land LiorNai ons Thi sm akes
itpos bleforhem bbei mplemened i nddetebody. Appl ici on caniangef om
healh moni bi ng aspesue and pul £ NSO as ad Ve ve ns as aduabs A
aurentappl  ical on underieseach by our goup,i sud ng hose tangducas b deedt
aooud ¢ 9 gnal s geneaed by he ubul aneinduced byasnos s@eyd oue

9



Deed ng and chaecei zing hi stubul ance enabl es us b m easuie he vei i of
he d oce The end piodud of hi sexath i S a non-invad ve ionic engduoy
device capabl eofdeed ngeat y $nod s AsaduabsM atBenndti nourtam i s
i ng b aeak an adapt vemiof orouergpaccappl ical onsThepa ymeswillbe
placdwi haefled vemad a,andbepoent  aappl ied acoshe engducaswi Il
defom he hape ofhemi 1ori noeas ng ordeceas ng he convexi . Fuhem oe,
ionic polyme methani calpiopei  esaequi €9 milarb hehuman musd ewhi ch
B heepoent  alofepl ad ng Hum an musde Shahi npooretal .(1993)

Therhi gh dexei ¥ makeshem pef edf oriobol csappl ical onshey can
be usd b bui |d end- €8s as dexious as he hum an hand or as of tmalleabl e
end- ads

Moeover i shed shasfoousd on tvo poent  aappl icat onsforhei onic
podymes Duebthed rmedhani cals miait esbbi dogica@musd esand he rl age
flappi ng di gl acem ent capabi lit esweweeineeked i n dudyi ng he pos  biliy of
he rusei n flappi ng M ioco Ai rVehide M AV) appl ical on,aseng nesoonidl  les
and snss Asf  ohecombi ned snois  aduabis sk, w e gave aent onbha r
applical on as<of t| agedi glacem entmiaoopos t one:

1.4 Ovewvi ew ofTheg s

1.41 Resarch Obj eci ves

Theobjed veofti shes sisbbui Idand dhaiacei  ze m ult layeri onic enduces
bni caduabis geneak s al If oiceson he oder ofQ. 5mN bra22m m*5m m *0.2mm
beam . Theopeal on oftose enducas depends on he m obi liy ofi onsinddete
podymeduss A o  venti sequi ed f ori onsb moweand hoe o venshae a
el nded cdbi liywi ndov.Forwaerhi  ssbbi liywi ndow isaound 1. 2V jhe
vol Bge atwhi  ch wakrsais b decay | nb hydiogen and oxygen gasss @ edol ys g
Paal ldm ul 1 layer sacks ae devd oped bminimized hed ed cfid d equi em ens
foraduai onand bhef oei noeas nghef o peuni tva Bge Them edani  caloon-

10



4 ntathei nef acispoven bpovi de a \adeolbetveen defled on and f o
Chaacat zanghi sinef adaf 1 d onpovi desdes gnesaconiol  lable paam exf  or
he rappl icat on. h oder b moddte i nef adaf i d on in muli layer engduc
esaFi nieEl enentAna ys sFEA)mehod capabl e ofmodd ing he rm echani cal
duduei  sdevd oped.

M oeovercom bi ned m ult layersacksae devd oped forusei n feedbadk coniol
They aef abi cabd asani onicsensorembedded i nd de a mult layeri oni c aduabr.
The com bined m ult layer tanduces olds a com pad Sensor acuabr hat wi IIbe
usdinped gon applical ons

Ancherobj ed ve wasb ded ope a modding bolcapabl e of epeent  ng
m ull layer pa ym es as angduces N ew bury/ sequi val entd iui tm oddi s m odified
b acoommodae he mul 1 layepd ymes The modi fiat on is pef omed on f our
di [eent boundary condi tonstvod ed al:si esand paal ldoonned onjand tvo

methanica :zz0i nef adalf id onand z04d ipontbhei nef ace

1.4.2 Conti bui on

Themain coni but on ofhi sesachi sheded opmentand haacei  zai on ofa
sacki ng pooesf ori onicpd ymerm agi a's h oderb chaadet zbesdki ngwe
m easuied hef eedi placem entbl odked f oeland  ef und  on,,esonance peaksand

heseng tviyf ordi EBentsad ngedhni quesand di [@entnum berofsadks D ui ng
hechaaci  zai onpoceswerea  ized hathef eedi 9l acem entooul d beconiol  led
by contol  linghei nef adald ip beveen hei onicpd ym el ayes fhee i snodip

he &k wi llbehave asi fi twas one com pl ek bl od, tus he naual f equend es
willi naeasswhi  letef eedi 9l acem entwi lIbe educed. O n he contay | fheei s
nofi d on beiveen hef acesboh he nauialf equend esand hef eed 9l acem ent

willbe pesaved. Asf  orhebl odked f ocgi ti noeased wi h henumbeofl  ayesf or
he paal ldsadki ngwhileitiema ned appoxi mady besamef orsi esshdi ng.
h snd ng,i twasf ound hathoe pd  ym as acs as dhage geneabis and ne we
weemeaui ng he hotd i tauentampl ifieswef ound hatpaal ldsadi ng

inckeasss he snd T viy popot onal b he num ber of sacks whi lein be =& es

1



saki ngitema ned onsantAsf orhecombi ned snsr  aduabr sadk,he m gj or
pobl en wasb d imhae he f ead- tiough. Feadhiough i Sdefined ashe pot  on
ofheaduai ng dgnaofhead) acenti onicpdymerhati sdied yfed tiough b
he ouputs gnalofte sensor The f exd-tiough wasmai nly due he humi diyi n
he gaps betveen dadks whi d aead a dhot dui tbeween he engor and he
aduab§

Newbury’ s equi valent d Ui t iepiesened on ofi onic pa ym es was m odi fied
b acom modae hemul tlayerpd ymeas Themodi ficai on was pef om ed on f our
di [éent boundary condi fonstvod edi @@ esand hepaa Ildoonned on)and
tvom ehani calpeoi  nef adaf rd onandzod ipontei nef aog) Thi sm odified
m oddhasheabi liyomoddani levermul 1 layeri oni ¢ anduaces as ensos and
aduaps tpiovi desatand efund onhatooul dbeusdi noonol ,and syEm
levddes gn ofi onicengducerdevi s

ByusngheFEA mehod and sacki ng edhni queweweeabl ebdes gntwo
dileentM AV wi ngs Thefidwi ngwasdes gn b bef ully made ofi onic pa ym e
dhess twas des ogned asa smidaul arwing b make he bet ue of he aea
ooveed kepi nghed zofheM AV asgna laspos ble) W hi le be ssoond wi ng
wasded oped and wascom posd oftvodi  [@entmaki alshepasd  wvelightm agr  al
hatf omshewi ng auf acgand a sadk of 10 i onicpdymeadiessof7x5am 3 =z
hatpef omed asmud espaduaehewi  ng.

Finally hi swhoe iessach coul d evol veinb apioj etofl ager sope b de
ve op mico- layeed i onic pal ym es sadks hat coul d pef om m ud belrhan he
gngeionic pol ym esdess Thee ks wi llpovi de highef oceswhi leha rfee
di gl acem entand esonance coul  d becontol  led by hem anuf adui  ng poocessm oe-
oewemightbeabl ebi negae omesnsr|l  ayesf orf eedbadk contdl  ,whichin
unwi llbeabl ebeduceord imnaethed ow daxai onand hi gh ovashoatwhi  ch
daacei  zeionicpo ymes



1.4.3 A pproach

Chaper2povi  desanovevi ew forhefivedi  [Bentchaacei za oneswepef om
in oder b chalacer Ze i onic anguoas T he ouput ofhoe £ ae deai bed,
and adexai pi on ofhe tivo et BUpsS Wi h al lhee pasi S pesened.

Chaper3 i sdevoed f or he daadai zal on ofbni ¢ po ym e saks At
fidan expl anai on ofhepaal Idand i essadi ng edhni quesi s pesenied,and a
com pai on betveen hem | sa o povi ded. Than boh =& esand paal |dsads ae
daacei  zed as engor sacks and aduabr ks | ntwod Eentssd  ons Char
ar zd wasthef eed lacementand bl oded f oef ora $p eponeand asa
end efund on.Fi nallyaFEA mehod waspovi dedver fiedandused bs mukke
he behavi or ofhe sacks

Chaperd i nioduesshe ombi  ned snos  aduabss expl oesi spoent  a
applical onsandi mpobne Thi  sdaperwi lldi sushem anuf adui  ngechni ques
which fouusesson hed edi caloonned onsand i naul at onstal 9 d aboaes on he
gdgnalf ead-tiough pobl  em .Finalyitwillexpl oehelLapl acedomanm oddwhi ch
ooul d beused i n conolappl ical ons

ChaperS5modi fiesNewbuy sm odebaoom m odaehemul 1 layerpd ymes
Them odificai on waspef om ed on f ourdi [@entboundary condi fonstvod ed
hesi esandthepaal Ildonned onandtwvomedhani clbhezoi nef agalf ¥ d on
andbhezod iponthei nef ae Fi nally expei menblieul &on angduces wi h
onebf ourl ayesae pef omed and hereul taecompaed b henew modi  fied
equival enta ui tm odd .

Chaptr6 i sdevoed D he finaldes gn ofheMi oo AirVenide M AV)it
illugaes he equi emenspovi ded by beevi ew paperpevi oudy a ed. Fuher
moetvo Fi nie El en entdes gnswillbe dem ondaied and expl ained. And fina ly a
aumm ay withcond usonsand piopos t onsforf utle wok ae pesenid | ntel agt
sd on.

Atl asC haper7 piovi ded abi efovevi ew ofhehes stal s povi ded our
ont but onbhefid d,wit oond usonsba ngdawn.And final lyf utle wok was



pioposed.
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C hapter 2

Expen m ental Seup

2.1 htoduci on

hhi schaperadeni pionofhei onicpdymeed ng eqpe menswih he r
fixuesand d i i spesned. Fi veepa mesaeua |y pef omed in oder
o f ully dhaacei 2 he angduca T he expel mensaeted ed i mpedance
m ethanicai m pedancgensrsens  tviybl oked f ooeand f e di 9l acem entess
Eath expel mentisunus ngaspi nputorandom i nput T he five s ae fid

desa bedwi hdea Isonted i tyand equi pmentusd. hbel adsd onte
ouput ofhe exper mensae d aboaked.

2.2 Expei m ents O uput

Eath expei mentisunwi htvoypesofi  npusa $p ora iandom | nput T he 0
inputi sused b deemi nethel ow fiequency epone O C) ofte enduox: As
forbeandom i nputi ti susual lyawhieno wihaneenl ydid bued f equency
gedum appl iedbhepd ymeThi seti snotanal yzdi nhet m edom anjeher
iti send omedbtbhef egquengydoma nusngbeFour ertand omai on. Theout
putofhi stti saFeguency ReponeFund  on FRF)whi chishem agni udeand
phase ofhe ouputasa f und on off equency. T he duiat on ofheeti  safund on
otheevai  ablesi ti sinvesd ypiopot onabtesm pl  ing iagpiopot onalb he
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num berofda poi  nspef @ameand popoi  onalb he num ber ofaveages ken.
Thesamplingee F ¢ deemi neshef equency lange ofhe FR F.Hedl ly he ange
ofhe FRF exendsb F—,;,butduet)hei noopoai  on ofant  -aliad ng fil Bsaound
28% ofhi sengeaed imnakd. Thenumberofpoi  nspef @meN, deemi neshe
el ut on ofhe FRF whi ciseguab E—;.Sa/ealf lam es ofdak ake gaheed and

he el 1 ng FRFs ae avaaged b obbi n he finAlFRF.The FRFs ofeath f lam e
ae com paed bgeher and a wheence f und on iscom pued. W hen be FRFsae
ident calbe wheenei  soneandi fhey ae bel ly diss miarhe mheenei  sze0.
teal ly fora causalsysem e mheence shoul d be ongbutno < and som e oher
samplingeadsui  nsitbyi niodud ng landom dak b te ouputori nput of he
g/em orboh.A | ow coheencemeansagna I9 gnadbno se|i o Fi nadlyawin-
dow fund onisusa ly mult plied by each f ameforbef oepoeess nghhi shes s
he popul arHanni ng window was usad tioughout T he ol eofheHanni ng window
isbeducthel eakagedueb sam pl ingeduce he eedofhe uncod aed conent
in hebeg nning and he end ofhef @meduebphaehi ft

2.3 TypesofExpei m ents

Thefived [@entexpei  mensae el anedinhi ssed on. Bohi m pedance &5
aeoonvent ondbanymaei a,whilebhed edom ehani clly coupl ed expei m ens
aeausbmi zed fori onicpo ymeas

2.3.1 Eleci calim pedance

Eled i mpedaneisdefined asd edi clies 4 viyand aapad  Bnae ofhe ens
ducx Theef  oe te ouputofhi sepa mentisatnf afund onforberes dance
and capad Bnce ofhei  onictangduc:

Theexpai mentsaswi  h appl yingaknovnvo bBgeacosthei  onicpo ym e
while m easuil ng he open d Ui taurent T he aurent m easui ngdui ti sshhownin

Figue2 1.Thed edi ali m pedanceisheknowvnwva tged/)appl ied divided by he
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N

Vout — B_(1+F1)

= 1 R

Figure 2. 1: Schem ai cdrawi ng showing the expei m en@lseup f orthebl odked
force st

aurent sensed ()
Vv
ZE = |_ Q 1)
Thees 4 viyi sheeapatdtei m pedancew hi letecpad tnei shei m agnay
pat

2.3.2 M echanicalim pedance

bni cpodymesaeoond deedvi sod ad cmaei alshataemodd edusngtvome
dani cali m pedance &m s The figem i stesi cmoduluswhi letesondi s
a frequency dependentem . N ewbury and Leo @002) have ussd he GHM m ehod
DS mubehef equency dependentem .

A ghemai cohesupuedi nhi sexpa mentisshown Figue 2 2 The
shakerappl iesam ethani caldef om ai on whiletel inearpoent om eerm easuesthe
diplacementO)and hel ocad od Imeasuest o F)Themedhani  cli mpedanceis

ZM = Q 2)

o|m

Theed ngoonfiguei onusedi nbi sfixuei svalid forl ow-flequency m easuiem ent
Thiswasshown by John Flanki  inin heCM SS,buthi soonfiguai  on i shandf ulf or
he nextet
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Linear Potentiometer

Displacement (D) \

+—>
AT SR 5
T': I = ] «
i
| 1=
Lo
1

T NS

N = L Shaker

/ ]\ )

// Current sensing circuit

[\

(measures the sensing current)

1/ Tonic Polymer

i

ifi 1]
iy o~ —n

‘,l 1 '!\ T
i Load cell

m enalseup f  orthe bl ocked

Figure 2. 2. Schem afi cdrawi ng show i ng the exper

force s



)| s B Ajrpplied Potential (V)

;Btj%le ctrodes CL‘]}‘ent Sensor

T

Ionic Polymer

Load Cell
(measures force (mN))

Figure 2. 3: Schem ai cdrawi ng showing the expei m entlseup f orthebl odked
force st

2.3.3 SensorSend i vily

Thesipshowni nFigue 2 2isadouedbdeemi nebtesnsrens 1 viy ofhe
ioni ¢ angducas T he shaker i s appl ying he methani calddf om ai on,buti nsead
omeasui nghel cad athet padotd Ui touentensori Sm eadui ng aurent
fomedduebteappl ieddai n.Thesnsrens fviyofi onicpo ymesi smeaued
e herasa chage ora aurentS)A vol Boesenorpovi desl eseng fviyd nehoe
tangduces ae hi ghly capad 1 ve (N ew bury,2002) T he eng tVviyi smeaued as

Senst viy = g e 3

2.3.4 Blocked Force

hti sepa menthe pd ymerisoonnesd b a powe uppl y,and i ti saduaed
wih a knovn appl ied vol bge Y)on hed  edodes On he oherg deal oad od |
isblokinghemot on ofhepad ymeand measur ng bef ooe geneaed ) The
#upi showvninFigue 2 3 Thebl oked f ocei shemax mum doehi spo ym e
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= jf&pplied Potential (V)

' ' Current Sensor
3 |<Jr Electrodes
T
i
1
L i
1| Tonic Polymer
il.l". .in .I.'w

AL Laser Vibrometer
b :.‘.. \ \

ARTRY

+—>
Displacement (D)

Figure 2. 4. Schem aii c draw i ng show i ng the expeti
force st

m entlseup f  orte bl odked
can geneae and com pued asf  dlows
Bloded f oce = e 9
2.3.5 Free di gplacem ent
Thefeedi glacem entepai m enti sancheraduai  onexpei m entbuti  tdi [@sf om
he bl oded f oce etby he m edhani cbounday condi T on.

Theexpear mendlup i

showninFigue 2. 4 A knovnwvd tge/)i sapplied
pbhepd ymewhi lealasrvi boom eerm easues he angduces i
O)wi toutaddi

p di gl acem ent
nganyobsed ebhef eemol on.Thef eed plaementi s

Fee di 9l acem ent=

y es



Figure 2. 5: Fixure 1.

2.4 EquipmentDesi pt on

hbhefivepevi oudydexi bed expai mensi onicpd ym esweed am ped atone end
wih tvo gol d dedodes Al |heexpai mensae coonduced i n airand de  onizd
waerwashbiushed on pd  ymeappoxi madyoneaminue Thi sinaed hathe
hydai onlevdi skeptwi hi nan acepibl emnge W hen nati  n usehe angducas
wee ed i n de onized wak

Two et fixues wee usd he expei mensinhi shes sFi xuelwasac
quied fiom pevi ousesachesi n he CM SS | ab Newbuy Q002) and fhovni n
Figue 2 5 ti soom posd oftvo spaak appaiats b pef om allbe five s
Thesnd ngand moduluseswaspef omed on hefixuewi tHheAPSDynami cs
APS 113 long soke shake; whi t povi deslage di placementup © 50 Hz The
digl acem enti sm easued wi h a Nowoethni  k T25 Li nearpoent  om eirand an ap-
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popi aed iui toondi toningdiui t Thed gnalampl ifiesused f or chaacei 2 ng
e pef omane ofhe sacksi  saamentampl ifirof10 ° V/iamp end tvig,wi h
he shemali csdownin Figue 2 2 M anuf adue s ged fiai onsofhe |l inear po-
enf omeeri ndicae a epeabi liy of0. 002mm and aineai ¥ of0. 06m m . Forhe
m odulus et a Tianduox Tedni ques G SO-10 10 gam | oad od lwas m ouned on
he shaker am atie and used b m eaue e f o due b hedef omat on ofte
poyme: Thi sload od Iwasussd wi haTM O-1d9gnaondi 1 oning d Ui tEpe
dagon,epeatbi  liyand | ineai y wee 0. 02m N.The G SO 40 locad od lwasa 0 usd
b measue he bl oded f ace on he aduat on appaaus T he aduat on appaals
isshownin Figue 2 5andisomposd ofhel oad cd lonavai able ausor 0 hat

iti seasy b change he boundary condi fonfoom bloked foeebf eedi 9laem et
Fortef eed glacementaPd yecOFV- 303 lasyvi biom eerhead wi t O FV-3001
ool lerand OV D -20 dem odul abrwasusd. T he ieol ut on ofhi ssup was5um .
Thelasrvi bomerwasusd f o f lequency ieponse and am al Idi 9l acem ent$p
eponesduebi  shi ghieol ut on.Buti ncaxeal aget p digpl acem enti sexped
a RedlLake i maging M ot on Saope PC12000 S hi gh fiequency di gielvi deo cam ea
wasusd b meassuehedd omai on. Thi seameacul d capuevi deowih aee
up © 2000H z m age ExpesM oi onTaei m age analys sof ivae wasused b lak
hetanduox st pand geneaeat p digplacmentpl atasaf und onoft meThe
el ut on ofbe tace f  twae degpendson hei  mage qualiy and hef ol engh
ued.tooul dloaeapo ntwibhi naeo ut onofaenh ofapi xd.A pi xdi nour
expeal m ens coreponds D appioxi mady0.1mm.

T he seoond fixuie w asiecent y bui [tby m em besofheCM SSI  ab.ti  sshown
inFigue 2. 6wih a lheoom ponens T hel oad od land hel inearpoent om eerae
hessmeonesusdi nhed dfixueThi sfixuei sbuiltbauomaef ourofhefive
epa mensbl odkedf oogd edi i mpedaneem ethani cai m pedanceand snd  ng
sndtviy. Thoefiveepa mebsaexuld entbf uly dhaacei ztbepd yme
Thedakerusd i n hi sfixuei saBwud& Kj aer hdum ens hake;i ti scapabl e
ofhi gherf iequend esup b 2= 3KH2han hepevi  ous hakes Asf orhed gna
poces ngweusd tvodi giels gnapoceses The Tekioni X FFT and yzrwi h
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Figure 2. 6: A picure showi ng he new fixurewi t deti Ison the pars

a 9 gnalgeneabr was usd f orhef equency eponef und on. A dSpace D S1102
D SP wasusd b m easue he p epone



C hapter 3

Characen zai on ofbni c Polym er
Stacks

3.1 htoduci on

Asddined i nbei niodud on,i onic po ym esae sof taduabs hat pef om lage
bendi ngand flappi ngdefled onswhenasm a ol Bgei sappl ied acosshe  rhi dkness

Tharmajordi sadvanegei sthel ow foosshey appl y. Toovemomehi  spiobl em
sacki ng was pioposd. h i sdapersadki ng isthooughl y expl ained. Paal ld
and i esshdki ngedhni quesaeexpl ained,and be  ruse assnsisand aduabsi S
di sussd. A duabr saddi ngispef omedbdeemi nehow inef adalf I d onaéds

hef eedi 9l acem entand he nauialf equend esFi nalyaFinieEl enentAnal ys s
m ehod willbeexpl ained,vei fied,and ussd bana yzheepa medeul &

3.2 Stk ng edni ques

Aspevi oudyment onedtvosadi ngedni queswillbeexpl oed:sai  esand paal |d.
Thoeehni quessaehessmemehani alybutdi [&i nhe rd ed cdaad s
i s h he next paagaphs he si esand paal ldsacki ng willbe expl ained and a

oom pai on willbe povi  ded.
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Series Stacking

Figure 3. 1: A CAD drawing showing the di [érent pars ofa seri es sack.

3.2.1 Sei esdacki ng

Sei essacki ngoong ssofovet aying hei oni cpad ym erdhesson bp ofeach ohesas
dowvninFigue3. 1and povi dinghevd BgeV oy acoshewhd eddk ashowvn
in Figue3. 2 Asuming tathepd ymesaeoithesames =zandsameded &
im pedance,

V
v1:v2::vn:%'. G 1

W hie fom he methani calpaped v hef oce geneaed by he spaake
podymeswillbe added. Asf orbef e diplacementand eonane f  equency,i t
willdepend upon hei nef agalf i d on,aswi llbed sused | aex



Series Staking Elecrical Circuit
W2 Yh-1 Wh
+ - H - +10- 4|

[ A
e s

% total
IPRAC PMC IPRAC IPRAC
1 a2 L. . n-1 n

Figure 3. 2. Schem ai c representai on of he el ecti ¢ conneci on for a sei es
sack.

3.2.2 Paml lelsakki ng

Pad ldsadki ngissmlabsi esdk ngwihtbeonl ydiéenei shateath
padymewilleca veawvd tge equab he oved ek vol  Bge

Themethanicaloonned onsaeowni nfigue3 3whilehed ed clonned ons
aeshovni nFigue 3. 4Thef abi cai on pocesi sillusaedi n Figue 3. 5.

Forte pupose ofti shes shesdksweel ayeed by hand. T he conned on
leadsaem adeof3M adhes veopperbpesand Saan W iap wasused f orhe epoied

el sasi nulat onmati al.

3.2.3 Com pari on

Them ain advanbgesofssi essacki ngascom paed bpaal  ldsadki  ng aebem an-
ufadui ngdmpidt,e iabiliyand hel ow adual on awentAsment  oned bef oe
s essaki ngisd mply laying hepd ym ershesson bp ofeach oherand appl ying
he poent adacoshewhd e sk whi lethe paal ldsadk equi  esweavi ng he
leads f om one f ace © he oher and addi nginalai on asd aboakd i n Figue 3. 5.
Thisisavay dd iaeand edi ouspoesf oeamplelag nga3lagsaki s
moe han 40 mi n ofwok M oeover out ofeach 2 or 3 sadks onl y one willwok
popet  y,because he cheswi llhave som ei nenalshok diui shoughtei  nal a
tonoracoshel eadsThi shot diui ti sal 0 egpons  ble forthe ot duabi liyy
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Parallel stacking

Positive Leads

A

\ \ Insulation
\

e

lonic Polymers

e
<+—Negative Leads

Figure 3. 3: A CAD drawing showing the di [érent pars ofa paral lelsack.

ofpaial ldgacks Upon usage hei naul ai on m ight eaand te | eadswillm ake a
dot diui tsomewvheei ng de he sk, hi sgnalsot dui twillpopagae eas
ily and becam e def ed vedueb he heati  td eassswhi chinunmd shepl ad c
ingul af on. Apatf om temanuf adui ng dileul T esand shotdubi  liyy pobl em s
paal ldsaksaef arbeeri n pef omane ban i es sacks They piovi de low
opeai ng vol Bgeswhi ¢ ae he sam e aooss each pd ymeao ding he neees
ofgo ngo | ageovea |vo Bges esshdksequi ehed oewean sf dy e
man lovetantel 23V dedol ysswvo bgel imithbef odlowingsd onswewill
expl oe he use ofsadks as snsois and aduabis

3.3 Sengr Staks

The figessi nved gaed hepef omanceand aadei 9 csofsai esand paal |d
sacks as €nos h e fig Lbsed onasi esand paal ldmul T layer ensos ae
ompaed,andi nbhenedsubsed  onheam pl ifiewasvai  ed and he conosptofl  ow
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Fabrication of a
3 layers parallel
stack

+ Lead

.

lonic Polymer

- Lead

P

Bending of
the + Lead

i

Insulatiﬂq\
———————
: Adding the 2nd
Adding a
+ Lead for el

the 3rd layer

|

-Lead
#,v"'

lonic Polymer

é‘ insulation

The 3 Layers
Parallel Stack

-Leads

|

+| eads

Figure 3. 4: Fabri cai on a 3 | ayers paral lelsack.
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Parallel Staking Elecrical Circuit
W12 Wh-1 Wn
+ }j+ }J + }j+ }J
ﬁ ’_{ T{ ﬁ -
+
IPMC IPMC IPRAC IPRAC
1 2 .on- n

Figure 3. 5. Schem af c represenai = on ofthe el ecti ¢ conneci on for a paral el
sack.

passfil & ngisexpl ained.

3.3.1 Com painson ofSefi esand Paral IelM ul 1 layer Sensors

Thissed onwillexpl oehesnd ngdaadcal 49 csofr esand paal ldsadki ng As
m ent oned bef oewe aeus ng aumentam pl  ifiess noeacoodi ng b Newbury i onic
Bnducespef  om beerwhen usd wi  h adageampl ifiec Thi sisduebtbhea r
lov dedi ci mpedance Theedf oehepd ym esae sen asauentgeneabisand

iti sexpeced hati  n paa ldhe curent wi lladd, and tus he sack sng tvy
willi naease popot  onalb he num ber of aes W hi lein s eshe sam e curent
willpass tiough hem a  |,and heef oei ti sexpedd hat nd tvivwillema n
onsantAl though Newbury  sm odd(N ew bury,2002) pedi ced hathe eng tvy
inceaxe asaf und on ofhi dness esdksdi dn'tshow such abehavi ordue b
he use of aurent Eng ng am plifierd ui t h case ofa vol Bgesnd ng diui twas
ued hi smighthappen i fhed edi cim pedance ofhe pd ymerisdanged whi le
i ngbenhancei Yi ti sexpedd hathi sel twillbe evesd. bni cpadymes
aemodd ed asammbi nai on ofcapad bisand ks s Thuswhen added b he

am plifierd i they wi lladasal ow pasfil erofappoxi m ae aubf  lequency

= L
~ RC

wheeR isteampl ifi’ed dxand C i shepd ymescapad i veim pedance (Noe
hathei nenales drofhepd ymeisvayana lompaed bheampl ifires s
Bneel 2Q compaed 100K Q JAddi ngthepd ymesinpaa ldwi lli noeaeha r
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capad t veim pedance popoi  onalb he num ber of ayess and he aublf Kequency

willbe educd. Forti seanwet edbexpl oenew amplifira i sasdi sused

intenedsd on. Fi gue3 6 owshesns fviy ( “5mP) i nosases popot  onal
b e num ber of pail ldl ayes Al sashoNnishedeoeassai n he phae i ftdue
bhei noeaxei nhecpad tveimpedance ofbhesadk whi  dhispiopot onalb he

num ber ofl ayes Asf ortel adgaphi n Figue3 6itdowvsted ighti noeaei n
he coheencgand hi sisduebthei noeaxei nhesend tviyi .ebtes gnabno <«
|l o.Asf obei mgul ai yaound 9Hzshowni nthefiguei tmightbeduebome

esonance i n he shakerend.

Asforsi essadi ng,Fi gue 3 7 howsa com pai on ofsackswi b di [Bent
num ber ofl ayasvai ed fom 1041 ayes Al induded ishetand e fund on
oftvo di Eents ngepodymed psbenphas zhevar a on bewveen pd yme
d psand va idae hat be ns itviy ofbeoea Isaki she aveage ofeath
poym er | ayer M oeover he phase i ftdi d notvay m uch,hough i ti nceasd a
lit ebit Thi sisexperd due b he decease i n be capad 1 ve im pedance when
hecapad bsaeputi n i esand hef oeani noeaxei n he bl egquency of
hel ow pasfil & Toond udepaa ldsadk ng had inoceasd ns 1 vit es and
deceased he aublf equency. W hi lesi essadd ngdid noti noeeehesnd 1 viy
asoompaed bs ngepdymesbuti naeasesthe aublT guency. W ebd ieethati f
vol ege am pl ifiesweeusd,hi sl twoul d have been i nveed.

3.3.2 AmpifierVai ai on

Forthe pupose ofi m piovi nghepef om anceofheam pl ifierd i tepead dlyafer
henot cbleinaeaxei nphae i ftdur ng paal ldsadi ngsevealampl  ifieswee
i ed. bealsensoswoul d haezophazesi fti .eheywi llbef esdingbakedi me
daawi houtdd ay.Them oephazl agthewose he engri s9 neeiti sdilaul tb
add phae| eed basysem us ngaooniol  le Thuste tigeti sbeduephael ag
asmucd aspos ble Thi sooul d beachi eved by i noead ngbeaub¥  equengywhi  ch
willl eed badeneaei nthephael agatl ow fiequend es Though ssvealam pl ifier
adaui sweet ed,l ike high im pedance dhage am pl ifiesand vd  Bge am pl ifier T he
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Shaker actuated magnitude (sensor®elocity Laser)
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Figure 3. 6. The tand erfunci on ofparal leldackswi t 1,2,3,and 4 |
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Shaker actuated magnitude (sensor®™elocity Laser)
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Figure 3. 7. The tand erfunci on ofsei esdackswi th 3 and 4 | ayers pl oted
wih two di [@éentd ngle layers pol ym ers



Shaker vs stack actuated magnitude (sensor®elocity Laser)

1000_Kohrm

-~
100 Kiohm

Mlicro Amp £ mmis

10 10" 10
Phase shift (sensor®elacity Laser)

-100

-1a0
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Figure 3. 8. Trand er f unci on ofthe sam e pol ym erbutwi t a di [@entval ue
ofR 1 in the am pl ifierc rcui t

aurentam pl  ifiespioved b be he onl yaoes ulonesTheshemal  cofhe aurent
am plifieri sshowninbepevi ousdaperi n Figue 2 2. Sevealpaam eesi nhis
daui tweevai ed,he figonewasR n,and beeul  ti sshowninfigue 3. 8 The
s EneR ;isamajofadri nbeawbd equengyT= Rlic,andhi sa@n beeas ly
vel fied infigue 3. 8 Oneul d sehatdeceas ng R; deceasesshe phae|  ag at
lowverfequency,i ndicat ng higheraublf equency.

Thees sne R , wasa vai ed b deemi neiseadton hef  equengy
epone Theod  clyi fhe Op- amp wasidealhi s shoul dn’t have any e€éd on
he eponse Butas hown i n figue 3. 9 hough hephae i  ftdi dn'tchange e
snd tviydangeddamai clly and witoutany paen. T hi swed behavi orcoul d
be d aed b he non- idealbehavi orofhe Op- amp. M oeove;once he am pl ifier
daui ti suned on,a huge D C olsgtwi lli nit agbutwi llst edown b somewhee
doebzowi hin20030sxc{ toul dbedal ibaed bgo b z0 af erhoxe 20



Shaker vs stack actuated magnitude (sensor/Velocity Laser)

Micro Amp / mmds

Phase shift (sensarelocity Laser)
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Frequency (Hz)

Figure 3. 9: Trand erf unci on ofthe sam e pol ym erbutwi t a di [@entval ue
ofR 2 in the am pl ifierc rcui t

0 30 =)

By gong bak b figue 3 8onecannot ebatupondeoees nghees s
orR ;,hesens tviy ofbheampl ifieri sdecead ng Theef oe a tough hi swas
uoess uli nincead ng heaub  equency;he oved lpef om ance ofbeam pl ifier
wasunsl dady. Thusi twasded ded b deceae he s $ne R ;,and han use
awvo bge ampl ifichatwi [l mply ompenssef orbel odi nsens tviy wi hout
inbdud ngany f uherphasel ag.Asshowni nfigue 3. 10 i swoked popet  ybut
heonl ylimii onondesead ngaldR j,and kegp on ompensai  ng with vol Bge
am plfie;i shathel agrampl ifieri sam plifying boh hes gnacomi ng outcofhe
snrand hena s 0om ing outofte curentam pl ifird wui tThushed eanete
auentam pl  ifierd i ti sQual ly beerOp- ampsand beerd i toonned  on.)
hemoewean makeusothi sehni queandf uheri naease he aublf lequency.

Asitanbenot cdinFigue 3 10he 10K Q aurentam pl  ifiergai nes $or
R 1) with 1001 meswvibge ga n am plifier f omed te bescombi nat on forhi s
edhni quei twasabl e b enhance he phae| ag by appoxi mady 50 degesswi b

A



Shaker vs stack actuated magnitude (sensor™elocity Laser)
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an exended aubf  equeng.Go ngfuhei ndesead ng he awentampl  ifiergai n
ks drandi naeas ng hewvdl Bgega nwoul d cause hi gnnoiseb s gnaied o and
adoledinghesym bi  ndbi liy. Thi sooul d benot ced by hei naeaei n e
bumpson he 60HZz 120HZ,and he 180Hzwi th hededeaei nheauentga n

am plifierand i nceaei nhevd Bgega n am plifier

3.4 A cuabr Stacks

The main pupoe ofhi  sesach wasbi  noeaehef oceofi onicpdymes The
saksusedi nhi ssd onaehesam easheonesusd f oheenranal  ydsThee
foehemanuf adur ngisident calb whatwaspevi  oudydexi bed.htef dlowing
sd onswewilldessi beheaduai ondaada 9 csofhesai  esand paal ldsadks

and hed einef adaf i d on playsi n deemi ning hose chaadei d s

3.4.1 Com paing Sen esand Paral lelStadks as A cuabrs

Aspevi oudy disused te onl y dil@ence beveen he s es ks and paal |d
sksi sthe way hewvd tBge and auent ae piovi ded D each pd yme Thusi f
we edue heanal yssbwd Bgepepd ym e ahe han vol Bgepask( .eif
weapply V bhepaa ldsakwedioul dapplyn®V bhesi essakwheen
ishe numberofl aegwe doul d obi n e sam e ouput For i seaon a lof
ouresll saeepesedi neEmsova Bge pe sk hus be di [@ence betveen
s esand paal ldwoul d beemphas zd. hhi ssd on wewilldi sushebl oded
focclesl sReul sf orhemesuem entoff  eedi Pl acem entand eonancewi  llbe
peened | agrs neteyaed aedbthei ner fagalf 1 d on beveen bepd ymer
layes

hhi sed on wewild sushebl oded fooeeul & Bl oked f oce $p
el saedhovni nFigue 3 11foZ2mm x5mm x02mm pomeswih di [Eent
num besofl aygsM easui  ng he bl oded f ocei nionicpa ym eronewoul d ead te
m axim um e |aher han eadi ng he seady sk because he sady sk wi Il
gobzowi bt meduebi i nheentd axai on piopet. Looki ng atFi gue9 one
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TF MNote that the waves in the response are
due to the filters applied to the data
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Figure 3. 11: The Blocked f orce sep response ofthe di [erent y |ayered paral el

dacks

annoi cehathebl oded foehasi noeased f om 0.37mN trhed ngelaeb
appoxdi mady 1.08n N brhetiee layepd yme Cons def ng hi seeaul tone can
deduce hat tey fithe equat on

Foar = N_ I:Iayer G2

wheeF oy isthe tllouputofhe sadk,F layer IShef oceouputofa s ngl el aye;
and N ishenumberofl ayes The ealbl odked f ocewi lldevi aef om teval uein
heequai on wih bei naease ofhe num ber ofl ayesi n he sak,and hi smainly
due b tvo easns T he fidi sduebted ed closesi nhed edi all eadshat
onnedhepa  ym esbgehe;nok hat hi seedcan be deceasd | n caxe ofm oe
acueel ayei ng.Thessondeaonmi  ghtbeduebhedampi nghatbei nal at on
maei aland hepd ymeshemsd vesaei nioodud ngbheovea Isem.

Shown in Figue 3. 12 ishef iequency epone f  und on ofte bl oded f oce
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Figure 3. 12. The Blodked f orce tand er f unci on of he di [éenl y layered
paral lelsacks

fora paa ldsadk wi h di [@ent num bes of ayes tpiovi desmoe evi dence b
appotequai on 3.2 A noei shatheyaxi sinhemagni udepl ati nhi sfiguei s
peenedi nalogsa ehushedi  sance betveen bef  ourf und onsisnotequal .
Theblodked f oeofsi  essadksw ee dhaader z=intessmemanneSi nee
hevd bgepeal ayerwi lldeceaewi thheaddi tonofmoel ayes@@ ebeguai on
3D hef o pel ayewilldeoease popoit ona ly,and heef oe he addi t on of
layas whi le hading he ovela Isadk vo  Bge consantwi  lInotam pl ify he f oog
buti twillema n congantas hown i n Figue 3. 13. Thereul sdowni n Figues
311 tough 3. 13 epeentbe bl odked f e bounday condi 1 on, whi le he f e
digl acem entbounday condi  onwilbei llusaedi nhenedtssd  onwhich di susses

hema orpaameeri nfeed laem et



=
—

[=]
T

3 Layer Ser
ayer wernes Single layer

7£ L m: :'m
i 2 Layer Series

10 F
L | 1 1 1 P R S R

10" 1" 10

mag - forcefvaltage (mhlfvolts)

degrees
[y}
[}
/}f

phase
[y}
[} ()
T T (
i
—
*
&
F
52

freq (Hz)

Figure 3. 13: The blocked f orce tand er f unci on ofseri es m uli layered acua-
ors

3.4.2 hef adalFn cd on and M echani calPropeti  es

Theem i ner fadaf id onisef eed bashef id on beveen hepd ymesin
he sak. The subsant ad eenei n fee di 9lacem ent beiveen padaged and
unpadéaged pod ym ersadksm adeuseal  izthei mpobneedfi ne fadalf 1 d on.As
desi bed inthei niodud on,i onicpd ym esm ove due b one or evealm echani ans
which ocauri nddethepd yme:

Form odd ing puposesonecan| ook athebendi  ng m edhanian Qasani  ner
napesueappl iedbhepd ymeThi sinenapesiewi lli noeasepiopot  onal
bhenumbeofl ameswhi leifoond deed asonebl ok hesadkhi  dneswi llal ©
inceae popot  onalb he num ber of | ayes Theet oe be numbe ofpd ymes
and behi dnesbohi noeasepopot  onalb he num ber ofl aesn. Thet pdis
placem entofa cant  leverbeam due b an appl ied pesuei sShi gey and M ighke,
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Figure 3. 14: A cani levered beam wi th an appl ied pressure w .
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wheew isteappl iedpesuehi shehi dnesE i shemodul usofd ad dt,and
ishel engh asshowni n Figue 3. 14. Thed oei fboh w and h ae popoi onal
b N _,yispopof onab ng Thuswi b hei noeasei n numberofl ayas N |,
heodt @l lyhet pdigplacmmentorhef eedi 9l acem entwi lldeoease popoi onal
DN 2.When tel ayesae wd labched b each oher hee i shighinef adal
fid onand hey wi lladasas ngehi kbeam.hthi scaehef eed placem ent
willbereduced. W hi  leifhei ner fagalf i d onislov,hepd ymesaed idingfed y
on each oherand ey wi  llema nad ngass ngepoymesbutwi t ani noeasd
foe Thepadaged pd  ymeadsksaemns deedbhaehi ghei ner fadaf id on;
m oeover he exenalpadage wi llal ©blokhei nenamoi  onofhel ayel eading
D m oe beam - like behavi o

A sforhe unpadiaged sadksw hi dwemns deaasl ow inef adaff 1d on sk,
weusd Saanwigp ashei  nal a onlayerfvhi chisa oegpons bleforhei nef adal
fi d oninhepaal ldsddkgwhi  diisasnoochmali aeped alywhenwe Shown
inFigue 3. 15ishef eed 9laem entsp eponef  orunpadaged paal  |dsadsof
123and4pd ymelapesOnecannot cehathevai af oninfeed $laem et
whidh ism easued athepesk ema ned wihi n 10% .
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Figure 3. 15: Sep response f  or unpadkaged paral  leldacks

fonel ooksfuberi n Figue 3 15itcan benot od hathed axal on
ged i squi etdi [@ent Though no defini epaen coul  dbenot cd,onecani nfer
hatwi h hei noeae ofnumberofl aeshed axai onisgd ngdowve Thi s
ismainly dueb hei naeasd dampi ng ofhe pad wveinalai on mag aland he
pdymesten s ves Asf orhe nauialf equend esi tan beseni n Figue 3. 16
hathe pesks| ocai on dhanged onl y26% ,indicai ngtbati nthei deds uai on hoe
fiequend es would 'em ai n consant T he fid m ode | iesappoxi mady betveen 19
and 26 Hzangef ora lhe sacks

h he case ofa padaged pad ymehei ner fadalf ocessand hepadkagi ng ae
m aking he sack adtas a uni thbl ok Fi gue 3. 17 showsheuni tsp eponef or
hepadaged pd ymestanbeeas lynol cad hathef eedi 9l acem entdeneased
asa fund on ofhe num be of sacks Fi gue 3 18 howsthe | age var a on of
henaulf equend eswhich inceassswi t henumberofl  ayesand eadh ot of
suai on.Thed 9layed danaef orhefidtiee nauelf equend es T hose daa
aeobal ned fom te FRF howni n Figue 3. 19.
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Free Displacement (unpackaged) magnitude Melocity Laser / Input voltage)

Magnitude (mmfs)’ Wolt act
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Figure 3. 16: Frequency reponsef  unci on forunpadckaged sadcks paral leldadcks

o]

.

o8]
T

single polymer

Two packaged polymers

Displacement (mm)
o
=2
o

o ks J Three packaged polymers

-0.02 .
0

time (sec)

Figure 3. 17: Sep response f or packaged paral lelsacks
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Figure 3. 18: N awralf requency vai ai on ofpackaged sacks
3.5 TheFinie El em entAnal yd sm ehod

hthi ssed onaFinieEl enentAna ydsFEA)mehodi susdbnume cllysm-
ulae be methani @lbehavi orofi onicpoymes The FEA ana ys swillbe usd b
eploever fyand ana yzbei nef adaf i d on beveen | ayersacks FEA i sa
num ei calm ehod hatcan be used b m oddand g m ulae any phys  calphenom enon
ofknovn mahemai cm oddappl ied b a sysem. Though we coul  d have ceased
amoemmplicaed mul t -phys cs@ edd- m edanical )m odd ,i n our case he UG
ualana ysswasald ent h chaper 5 Newbury smoddwi llbe m odi fied and
peened,hi smoddi scapabl eofm odd inghed edom ethand aooupl ing forbeam
geom e es Al lhe FEA ana yd swasdone us ng the sudua bol box f ANSY S
6.0 2of tvae padiage The PLANES822Di  m ensonal8- N ode StudulSol id dem ent
wasused when a2 di m endonalanal yd sisequi ed,whi ciswhen anal ya ng hei n-
ef adalf rd on ofdadks A noherd em entwasusd f orhe2andaha  fdi m enson”
analyd swasheSHELL93d ementti sdd ld em enthatcan be used b m odehi n
3dimendonalobj] es Asmeni onedintepevi oussed onthepd ymeraduai on
ooul d be modded asan i nenal |y geneald pesuie hati styi ng b ovacom e he
d Mesothemomenti  nfeed placem entcasand geneai ngbet pfomi nhe
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NODAL SOLUTION

STEP=]

Figure 3. 20: The 2D planarm odelouputf orthef ree di splacem entsep i nput

blodked f oce cae h he next sed on we willvei  fy hi sconogptby compai  ng he
epa mendleul swi hbhenumea cldah ouputofhe FEA.

3.5.1 Vai ficai on ofhe FEA m ehod

h oderb ver fy i sm ehod,we com pae he expei mendleul sbhenumea @
lut on.Theepar metdleul saetef wed placmmenthebl oded f oceand
he naualf equend es W e a 0 measue he methani clpopet  esofhei onic
tngduce: T he deng  usd i s3100kgm 3, he Po son'sef oisasumed b be
0.45and heoveal i onicpdymerdad diyi scompued b beE = 260M pa Asf or
hedi mendgonswemath hedaawi t 9 mubi on foheZmm *5mm *0. 5mm
poym es h oderb vei fyheexpei mendmodd ,weusshe2di m engonalpl anar
ana yzsowni n Figue 3. 20.

The idea was b find he pesue hat bends te pol ym er udh hat he t p
fee di placem entwoul d math beexpai menbleul tofl. 35 mm under appl ying

45



NODAL SOLUTION

Figure 3. 21: The 2D planar m odeloufputf orte bl ocked f orce sep i nput

11V acossi shi dnesThepesuewasf  ound bbeaound 8 5Pa.Lagram odd
asteoneshowni n Figue 3 21 wasana yzd wih het p bloded,and a pesue
of8. 5Paappliedonit Theead ononthet pwas0.33 mN,whichiswihi n 6%
ompaed bhe0. 35 mMN expa mendieul t

Thenexsp i swva fying he hd 193 dementmodd. A moddofi dent cal
dmendonsand maei apopei eisaceabd ud ng he hd ld ementashowvn i n
figue 3. 22 Theana ydsisdonebg vl 353mm ked Placementand abl oded
foceof0. 346 mN.hhi ssd onteFEA mehodi svei fied.

3.5.2 FEA dmulai onsforthe paral lelsacks

hti sed onanFEA smuki onofhemul 1t layeri onicengduceswi  llbedi sussd.
Alohei nef adaf id oninbhedakswi Illbes muleed and numei cleul &b
epa menalwi llbe ompaed. Tod mubke he edem e @asss ofno f fd on,and

nodip,hef odlonvingasum pt on wasmade Forhenod ipcaerhi ghfid on)
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HODAL SOLUTION

.J01E-03 L 902E-03 001203
« L50E=-03 +A451E=-03 « T52E=03 .001053 .001353

Figure 3. 22: The 2D planar m odeloufputf orte bl ocked f orce sep i nput

we can chooef om o m ehodshe fiswasb ‘G ue’hepad ym estbgeherand
apply pesueoneach pd yme ‘G|l ue'i sabui lti ncommandin AN SY S,hatwon’ t
allov moion upon he g ued nodes A ssoond mehod,i sbi nceaehehi dnes
ofhe pd ymesaud hati ti sequalb e s hi dnesand appl y heoved |
pesue *8.  5Pa)on he sadk T hi smehod i sead ercom paed b he figm ehod
whidhismoephys cllyepesni ve Boh m ehodsgave he sam e el sgave he
sameeul sAsf ohenof id onmodd,upt llnov weweeonl yablebs muke
itforhe2D modd si n whidh we can onl y epesentuni fom ed iedangul  ar sacks
Thebai einupgadi ngitbhe3D modd swasthe conbedd emengi n which
ANSYS @ only auppot! inearconbdd emenswhi ch can notbe appl  ied b aeas
A ieas ipeent he conbed betveen hel ayesi na3D modd,whi lealine iepesent
itina2D modd.) Themoddons sofdewi ng be pofili e ofhe2D pad ymes
apply conedd emenson hel inesswheethel ayesi nesegand appl y be 8. 5Pa
pesueon eath |  aye
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Free displacement
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12 - T

T 1 —— unpacked experimental
08 - —— unpacked FEA

: —— packed experimental
06 ~— packed FEA
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0.2 A
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Number of polymers in Parallel

Figure 3. 23: The expei m entaland FEA oupusf orpadkaged and unpackaged
free di gplacem ent sep oupputas a f unci on ofnum ber ofpol ym ers

3.5.3 Analygsofhei nef adalf rci on

Asment oned bef oghenof 1 d onaseoul donly bemodded us nghe2D pl ane
82 d em entm odd . M oeover hie sadks coull dbein2D,s nehey aeuni fom and
ecingul  ar The tvo exem e caes ofno f idonandnod ipweed muibed us ng
he2D appoachf or2and 31 ayasThereaul  sf orhef eed glaem entFEA ouput
and heepar menbleul saesowni nFigue 3 23 tcan benoi  ced hathe
epa menaleul saei ndudedwihi nheedkemecassass mukbed wi hheFEA
m ehod.

Aspevi oudy meni oned hei dealnod ip and nofid on cases an neverbe
ieached, hus as expeced he expei m enblda waswi thi n he bounds ofte nu-
meaicalanal yss Asf orhebl odked focghe nume cldaa a < envd oped he
epa mendldahasi tanbeseni nFigue 3. 24



Blocked Force
1.2
'] -
= 0.8 -
T‘-E' —— Uhpacked experimantal
— 0.6 - —— uhpacked FEA
E ' —— packed experimental
< « packed FEA
" 04
0.2 1
[:I T T
1 Z 3
Number of polymers in Parallel

Figure 3. 24: The expeii m entaland FEA oupusf orpadkaged and unpackaged
blocked f orce sep ouputasa f unci on ofnum ber ofpol ym ers

3.6 Sum m ay

h ti s daper he sk ng pocess was hooughl v expl ained and dhaadei  zed.
Figdhesi esandpaal ldsaki ngehni quesweei nibduced and com paed. Al
emphaszed wasted mpidy and € iable ue ofst essdi ng vesus he belr
pef om ance ofhe paal ldsadki ng. Af erte manuf adui ng poes he saks
wee chaacei  zad as aduabs and sns As aduabs he f oce i s am plified
popoi  onalb he num berofl ayes ata consantvol bgef orhepaa ldsadksThe
snorens tviva inceasspopoi onalb he num ber ofsacks f orhepaa Id
mull layersadks Asf ol eshe st on vol bge wi Ili naease poopot  onalb
he numberofl ayaswhi letef ocewi llema n oonsdnti fhe sk v Bge was
noti naeased. A s NS =i esdi ngimpove besens tviy ofbe enduce:
Fuher dhaacai zai onoond ug onsweem adecnceni  nghef eedi gl acem entand
he eonane f  equency,i n paal ldwih hei nef adaf i d on beveen he sak
layes twas hown hati fhei nef agalf 1 d on was z20,he Bk wi lladas a

dngelaygby coonsvi ngisl agef eedi placementand | ow eonancef equend es
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W hieinaehef id onwasohi ghhathepd ymesoul dn'tm ovewih epedb
eath ohethef  eedi 9l acem entwi lldecease piopot onalb N—lg,whi le he naul
fiequency wi Ili noeae Fi nally an FEA mehod was expl ained,vei  fied,and used
bnumei cly val idaehepevi ousoond usons h he FEA mehod o ¥pes of
ana ys swasexpl oed,oneus ngthepl anar2D appoathwhi  disai gbl ebs mubke
allypes of pobl ensbhatcoul dbedmubedi n2D @ g edngul arsadks ) The
soond washeshd 13D mehod,whi ch coul d beussd bs mulae any pa  ym ersheet
shapewi h he daw badk ofbe ngablebs mubkedmei nef adalf i d on cases

only.



C hapter 4

C om bned Sen<rA cluabr Stacks

4.1 htoduci on

The pi may pupose ofhi  sdaaperi sb dexi beand chaacei 2 he combi ned
snF  aduabr k. Asm ent oned in bei niodud on,i onic pd ymeasdow hys
Bes sdui ngopeai onand © axaferasp i nput R exacdes poved hat hoe

pobl em soould be 20 ved ug ng feedbadk conldl . Fuhem oef  esdbadk contoladds
iobushess b he opeat on ofa syseem . T hee sl sl ead usbheded opm entof
he com bi ned snor  aduabr ks w hi d have te aduabrand te f esdbadk sensor

embeddediniththebeg  nning ofte dape;he com bi ned sensoraduabri soom -
paed bhesd f-ens ng pi ezo aduabr @ensuab) N exthe f abi i on &chni que

wih a li sdi [aul t eswillbeexpl ained,and a ped alf oausabouthed edi clon-
ned onsandi naul ai onwillbepovi ded. Thef esd-twoughi suei sexpl oed i n deph
inbel atsed on.Thepobl em sdaacel zed and di [Bent ouces ae di used.

4.2 Com bned Sensorvs Sel fsend ng A cuabor

Thedsd f-eng ng aduabrby defini t onistes m ulaneous sensofaduabr. h pi €20
ded c ks he snauabrwasii nit ally ded oped by Dogh,hman,and Gad a.
Sdf-end ngaduabri  sheusothesamepi e sak used asan aduabrand f exd-
badk snsor T he conogpt ofa sensuabrwoksdue b he d edom ethani  calooupl  ing
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M aei alP opety bni cPdymes | Piem PSI 5A4E Ceamic
Piemd edi ¢S n Coeld entd 33 M NV) 1500 -8 3900 ~®
Dided cPemitviyn L, E/m) 1010 2 1600 -8
Elad cCom pianeess, 2N ) 3300 ~° 1500 -1
ki N m N °F) 6.810 ~°© 6.300 1!

Table 4.1: M aeri al propety com pari on between i onic polym ers and pi ezo
PSIA 4E ceram i ¢ (N ewbury 2002) and Pi  ezo Sysem s (2003))

ofpi ezod edl cmaki a. Forhe snduabr b be eed veheens ngsdggnasoul d
beinbhesameoderofmagni  udeorl agerhan te aduat ondgnal.Thef dlowing
ishedhageequai onincaxeawvd Bgei sappl ied acos he sk

O
03] - nNazsA k%Ko
VE t ms$+ s+ k+ Kk

U
-k ¢ 1

k3akp

Theem DA jshedesf eecapad Bnce e e ishedagei  nduced
dueb methani camot onand (L- k %)i she chage due b he d ed clexd @i on
(Leo oouree noes 2001) T heef oetead tcaem f obhesnuabri shek % =

Td%sE whi dhisded ed bbeasl ageaspod ble® tatheem (- k Z)isasamall

N33S33

aspos ble). Theem d % isheguaeothepi  eod edi ccageonsnts 5 is

tedhotd i tm echani caloom pl iancewhi lend; ishesessf  eecapad nce ofhe
matki al.

Congdei ngebl e4.1showshathek 3, el entf orhepi exd edi cmagi a
isbodesofmagni udel agertan e coeld entf ori onicpo ymesAl hough he
pieod edi cdai n el eti stvoodesofmagni  tude | agerf ori onic po ymes
asompaed b pi ewoami cshed ed ¢ and mehani @i m pedances ae m uc
lageri nionicpdymestani tisin pieod ed cmal as The pemi t viy of
ionicpdymesisdx oder| agerthan pi emoami s and bhe ompl ianceistvo
odes| age Theef oetheoved Ival uedfk % isvey | ow inionic pol ym essud
hatexpei mentl ly heei sno ens ble dhange betveen bl  odked and f 1ee boundary
oondi t ons (N ewbury, 2002) A cond us on would be hat he snsuabr conoept i S
pad clyim posible forhe curenti onicpdymermagi ashi sisanohereason
hatl edusbbheded opmetothecombi ned sacks
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4.3 Alemai ve configurai ons

W hthei noeaei nhenead ofacouiak devi ossf eadbadk conolbecam e a necess 1Y
in alype ofaduabs T heef oe f eadbadk | sequi ed f or be pioper use of i onic
paym es as aduabis Seveal essadhes | nduding CutCoheai n CM SS Lab
woked onug nghel asrvi bom eerasaf esdbadk snsor K ohea,2002) N ew bury

devd oped alcei ngmoortati  saduabd by f  ouri onicpd ymesand hef eadbadk
wasdonevi aafiftii onicpo ym eThi sdevi ewasdes gned f orhe puipose ofvei fying
he moddhe poposed f  orbni cpdymes Thema ordi [Eence betveen our woks
iste com padness N ew bury sdevi ®ismud lagebanasakf  orhesamepowe
and popei  es Buthemaj ordewbak ofhecombi  ned sacki sthef eed-tiough
pobl en whith willbeexpl ained and dhaadsi  zed hooughl yinalagerssd on.

4.4 Fabn cai on

Com bned sadkscan bem anuf  adued i n di [@ent configuied ons The configual ~~ on
usd i nmogothi  sanal yg sisthe one norand tvo aduabis conneded i n paal ld
sk Thi  soonfiguei  on can bej ud fied dependi ngon beappl il on.Forexampl e
ifhi gh fooesae equi  ed moe aduai  ng pd ym es willbe added, whi le ifm oe
aougy i sequi edmoesnosi npaa ldwi llbe added. O ne agpett ofhie des gn
ishemethani cbehavi orofheoveal Isadk Thesameanal yd smadein Chaper2
forbei nef adalf 1d onand heFEA mehodsd llappl ywithminorchangeswhi
willbedessi bedinthenexssd on.Bef oego nginbheanal ydsofhecombi ned
skswewi llfigexpl oehewayi nwhihwemadehed ed clonned ons

4.4.1 Electi calconneci ons

Each sacki sm anufadued sspaiad yasdesi bedintepevi oussd onsofpaal Id
gack m anuf adui  ng. Forboh te sensos and he aduabis we ae onl y i neesed
in paal ldoonned onsforheb combi ned sadks S esshdi  ng can never be an
advanbgef orpackaged aduabrsadksbecause s essacksequi ehi gherval Bgesb
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Insulated
Sensor

Actuator
Stack

"

~Sensor Leads

Figure 4. 1: A 3D CAD drawing represeni  ng the com bi ned sack.

opeae Hi ghervd Bgesi nduced edol ydsand el ti ntedyi ngofhepd ymes
W t egads b he sng ng m echani an ,asl ongasweaeus ngheaurentampl ifier
daui ti ti snotadvanbgeous b sak he pal ymesinsi esRef abdaper3f or
fuheri nfomat ononti sabj e Af erbui Iding he nsorsadk and he aduabr
skhed el conned onsae ppl ied independent y b be tvo sacks h our
caeweonl ynesded b uppl y conned  onsb he sensorg nece he aduabr sack has
been auppl ied flom hel eadson he et fixue Lppotbae

Each saki shen spaad yinwlabed and | ayeed on bp ofeach ocherm e
dani A lyasshovnin Figued. L hti sfiguei sdhowvn beonfiguai  on we fabi -
cabdf orheexpai mendlana  yd swhee he poverb he aduabr B | spovi ded
viahe wuppot! eads

Anchei mpoanti sueussdbi mpowehepaf omancei sheuse ofacom -
m on gound f orhe sensorand aduabre emens Thi sisaoom plished by conned  ng
he 3 desfad ng each oher betveen he ensor sack and aduabr sk as hown i n



El

0 W elt

“u —
Arctuating SENSOT
Signal § B3 Crutput

Figure 4. 2: Schem af c drawi ng showing the el ecti ¢ conneci ons ofhe com -
bined sack

heghemat cin Figued. 2 Thi sisim pobntbecause weaeus  ng a auentam -
plifier f or he sengorand he curent am pl ifier f oies he sengor b be gound e
aumentam pl ifieri sal knovn asdhotd i tmeasui ng echni que) Thusi fhe
snri sfoced b zo,whi leonheohes deacosthei nalal onheei  sahigh
applied vol Bge { n oder b aduak he sadk a an a lauentwi  llbei nducd. Thi s
amentwi lldi sub hef eadbadk § gnal,and coni bue b heno swhi dhisthe
feed-toough 3 gnals Al bough weaeud nginaulai ngmaei alswhich makeshi s
ks sancevey hi ghbuthi smaki ai svayhi ninodef ori to peevetel aige
di 9l acem ent Futhem oe he aurent geneaied by he sngori svayana I,i nte
oderpAm pstusanynoi ®inheauents  gnalwi llbes gnifiantand coul d el t
inalosofens  ng capabi liy



4.4.2 M echanicalproperi esand he FEA m ehod

Aaoodi ng b Newbury @002) i onic po ym es doest’ t change hee methani  clor
ded i mpedancesasaf und on ofbounday condi T ons Theef oefiom heme
dani caldudualpegped veheei snodi [Eence betveen a ensororan aduabr.
Thus com bi ned sadks ae eaed m ethani @ly ass esand paal ldngduces
wih tvo d ightdi [Eences The fid di Benei shef adhatnota  Ipod ymesae
aduabis heef oehel aged plaementofhes ng e aduabr can never be won-
sved i n he com bi ned sakk because he snof sd Meswi lladasan exa l oad
on he aduabs M oeover i tisvaydi [aul tbahi eetezoi nef agaf i d on
e because he sacks have b be padaged.

AsforheFEA mehodbheonl  ydangei ntheanal ys swouldocuri nappl ying
hepesuef  oceon te aduabrpol ymesonl y.Fuhemoei  ti sbeib m odehe
saksaszzod  ip beven el ayes

4.5 Characen zai on ofthe com bi ned dadks

C om bhed saks ae chaiacai zed expei mendl ly by appl ying apoent  alacossthe
aduabr K 9 miabsi eopaa ldmultilaygsadksW hi  lehesnori  soon-
neced b he curentam pl ifirud ngisowvnd edodes Forchaackai zal on puposes
he aduabr sk i som e m estuned olland an exenam edani caldef omat on
isapplied us ng he haker Thi  sisdoneinodebobbi n he FRF ofhe sngor
wihoutany pos  hiliy ofhavi  ng feed- tiough.

Figue 4. 3 hovsa com pai son f ora sensor chaadcet zed us ng betvo m eh-
odsti sevi denthatheei somedil@enei n be eponeepead adlyintel ow
fequency ange Thi sooul d beasod aed wi hheway hepa  ym eri sm ethanical ly
aduaedi nthed [@entcombi  nai ons h he shakerte pal ym eri saduaed on he
it p whilein he ombi ned sack he aduat ng paymerisapplying hef oe The
diéenceheappl ied loadsforhetvo caesooul  d acoountf orbedi [Bencesi n he
m easued NS ng IePone.

T he com bined sadksae b be used i nfeadbadk conidl  ,busi nthi ssed onthe
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Combined stack sensor

Shaker acuated Sensor

MicroAmpd(mmis)

. 2 3 4 5 B 7 89 10 20 30 40 A0

Frequency(Hz)

Figure 4. 3: Two FRF funci on for he sam e sack,one sensed wi th a pol ym er
snsor and the oher wi th | aservi brom eter.
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Actuator Model
I:I T T T T T T L T T L

10k -
hodel frequency response

Magnitude (dB)
[
[

100 ——————y —————y ——————ry

-100

=200 | .

Fhasze shift

-300

-A00 L R | L R | L L el L L
10 10 10° 10 10
Frequency (rd/s)

Figure 4. 4: The expeii m entaland m odeltand  erf unci ons ofte actuabr.

expa menalFRFs @r tand efund ongofhecombi ned sackswi llbe di 9l ayed
and fied wi t alLapl ace domain modd.

Alothelapl acedomaint@nd efund onwascompued us nghei nvfiegs
M atab com m and, f or boh te senor and he aduabr: T he tand erfund on for
headuabri s

0.001589s 4 + 0.07389s 3 — 1.964 10 5s? + 7.753[10 8s+ 4.946[10 -
s*+ 220553+ 103210 8s? + 4.31310 Ys+ 4.9610 ’

G o=

and hef equency epone pl  otwibh heepar mendldaai ssowninFigued. 4.

Asforte sngorhe Lapl acdomanw@nd efund onis

—0.53s3 - 327.4s%? - 3.054[10 °s+ 2.817010 °©

H 6= s*+ 571.8s% + 2.346 10 5s2 + 2.238[10 “s— 2.238[10 5’

and hef equency eponepl  oti shovninFigued. 5.
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Figure 4. 5: The expei m enaland m odeltans  erf unci ons ofthe sensor.

4.6 Feedhrough

Feed-tough i sdefined asthe patofhe sensed 9 gnalf esdbak)di ed ytnsmi &d
fom btei nputd gna. fl age enough,bef ead-twough 9 gnalwi lldomi nak he
feedback § gnal ;i tooul d beashundedsi fnothoussndt mesthe f eedbak 9 gna
and itwilli mmeddd y ssuiae heampl  ifierd i t

A oom paif on beiveenad eandgnalandas gnawi hf eed ioughi sshown

in Figue4. 6.thasdi  [@entouicesw hi dhanbeputi nheema ncegoi esThe

m ogi m pobnti shedi edf eed-tiough he wak;orwaervapor exi 4 ng beivean
he enso; and he aduabr sacks he ssoond i sthef ead-twough hei nalai on
film beveen e nsorand aduabr sadks T hoe m ent oned f ead- hiough ae boh

ks 4 veinnauewhi lehethi dtpei smagnd qwhi d isdue b be curent
flowingin headuai ng podymed i t. Magnd c fead-twough i s ing gnificant
heef oewe bd ieve hatwaerangoti stepi may cause off eedhiough.
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Figure 4. 7. Schem af c drawi ng showing the f eed through betv een the sensor
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4.6.1 hsul ai on

Themain tvo sues off  eed- hiough ae he waerand e naul ai on film beveen
he sadks To satwi hbeeas/ pobl em ofhei nalat on film,asment oned in
sd on L4l modofthi spobl en wasslved by f od ng he aduabr|  ayerf adng
he sngor sack b gound, and appl ying hepos tveand negai ve vol Bges on he
dde Thi sehni que wasable b o ve modofhe pobl em,and made hi s fead-
toughi ndgnifiantNonehd essomesgnalvd egeswi lld llappearon et  p of
hepd ymes nethegoundi sapplied on hebaeofhepd ymeandhepad yme
af acehasafini eval ueles sance Thusoncecan 4 lifind om epod t veornegal e
gnalvd egesonthet p.Butaga ntoewl Bgesaeveysna |andberes snee
valueofhei nalai onisvey| agghedf oewedon’ thave b wory abouthi svey
m ud.

The sond soue off  ead-tough | s he wakr betveen he sadks as shown
in Figued. 7. Aspevi oudy ment oned iti shema n soue off eed-tiough,and
hemodd [Coul tb dedwi . For poper opeat on,i onic pol ymes ned b be
wdl hydiaied, heef oe waerhoul dexdsa laound he sadk. W atr i sa goad
ondudorofd edi dyeveni nthef om ofm o due Thuswaeri nal ai on betveen
hesaksi svayesnt a.M oeoverhepod  ym ercom bined sacksshoul  d bedes gned
bwus nhighef equend eswhi ch makeseas erf orwair b flov aound he sa,
eped dlyathet p.Thepesuebui Id-up athet p ofte sadks was iem akabl e

61



dui ng e opeai  on off Kequend esin he oder of 50H z and above To cond ude
inaul ai on betveen he tvo saksi svey esent  al,epped dly hei nal a on agai nd
humidiy i saveya tai sue Asf oohed el cinalai on,i thecame a minor
pobl en dneitwas el ved by he use ofthe com m on gound edni gue h te
nexsed onhef ead-tiough wi llbe dhaadei  zed © hati  tcan be beter desced

and el ved.

4.6.2 Characen zai on off eedtrough

The main soues off  ead-tiough ae he wakr f exd-twough,and hei  nal at on
s sance f eed- hiough. They ae boh e d ve loadsi n naue tus he g gnai s
died y fed tiough e snsor Bk wi houtany dd ay phazehi fAsment oned
insd on 231 tei onic pa ym e conneded © he curent am pl ifierd ui tf oms
alov pasRC filer Thi siswhyiti sexpeced b sehef  ead-twough asal inear
dgnai mpued bal ow pasfil rasshovni nFigued 6.Thef eed iough s gna
in Figue 4. 6 wasobbi ned by ceai ngagnallbeski nhei naulai on betveen he
sacksand omput ng be FRF.

4.7 Sum m ay

hti sdaperhecombi  ned sackswee hooughl yexpl oed and chaiacei zed.Fi &
hey wee com paed b the sensuabr conagptand hee poent alappl il onswee
eploed. Nethef abi cai on echni queswee expl ained,and he ombi ned sak
wasdaasi  zad. h he finalssd on an em phad son hef ead-twough pobl em was
highlighed. A cond udon ofhi sdaperwoul d be b po nthei m podnee ofhe
oom bined sacksand he rabi liyomanypobl ensdabedbi onicpdymesTha r
m ajor dewbadk i she f esd-twough pobl em whih equi Es exia cae dui ng te
fabi cai on piocessand nesd b be gi venaent onifhi spioesi  sbbe aubm akd.
Asin beoond ugon ofhepevi  ous cape;he com bi ned sacksf abi cai on needs
bpbemoedbhemi aol esdi nodeb bevey eed veand usf ul.
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C hapter 5

M odeling m uli layer sacks

5.1 htoduci on

hhi sdaperhem odddevd oped by Newbuly and Leo @002)i  sexended o hati  t
isablebmoddmul t layerpd ym ersacks Fordes gnand chaacei  zal On puIPOES
muk layeed i onicpod ym esae fied b a m ahem at cm oddhati  sablebpedi d
he rpef omanee Asmeni oned i n Chaptr 1, hee ae ssvealm odd shatcoul d
beusd f ori onicpodymes Forcompl emnesand pad  ciy puposes Newbuy s
em pii calm oddwasussd. Thema  n advanbgesofti  smoddaetati  ti sacuiae
and easybueandi ta Doongd desboh he aduat onand snd ngdaada 49 csof
ionic pa ym es h he fid sed onabi eovevi ew ofhemoddi spesnied.h he
sondsed onbhemahemai c@moddi smodified bfithemul tlayersacksW hi le
hehi dsd onheexpar menbleul sae usd b obbi n te m oddpaiam eas
Finally acaperaummany i spovi ded.

5.2 M odelOveni ew

Newbuy’ smoddi s devd oped b beussd i n modding 9nge layeri onic po ymes
wih cant leverbounday condi t on.Be ngasa ablebhepd ymegeomeyhi s
moddwasmadeeasybbeadj] usdbd mubkbemul t layersadks h hi sm odd



ionicpodymesae peened wi h an equi vaenti deslend omed i tmoddt
dvasmeshathed ed cland mehani caldoma nsael ineat y coupl ed. Thus

heoond ui ved al onsoons doftvol ineat yindependentsymmei  cequali ons
o o O gt o

nVo-o% *gg'o 6 1)
f dpp Ay u

W heevishevd Bgeacoshepd ymehi dnesandfi shef omatbhet p.
Asforii s te curent acoss he pa ymeshi dnesand  uistevd ody atbhe
ip. Thewmed ensa jj,a,anda ,, aefund onsofhe mai  alpaam ebs and
bender gegom ety. B&f  oe expl aining hose paam eesi ti sim pont b noe hat
equat on5.1lissmiabhepi eowded cond Ui veequal onsheef oead miar
appoach i sadoped bdeemi  nehewmeld ensThi sappoath cons sofEk ng
M e paiam easb 220 | nompueheema ningpaameasObii  ning bem odd
paam eeswi llbeexpl ainedinalaersed onbutsf  ng one paam eerb ze0 and
ons dai ngheequai on enabl esusb ead ly ident fy heoeld et Tostwi b
a;; oeld entsf  ng U= 0 educes he upper pat ofequat on51b

V= aul, 6 2
which ieducesa 1; bhed ed cli mpedanceothemali a.Simiatysf ngi= 0
educesshel owepatofequai  on510

f=axu 6 3)

Theem a 1, ished ed>- mehanicaooupl ingem whi ch e aeshedi 9l acem ent
bheadiai on vol Bge and he aurent geneiaed due b he appl ied m echani cal
fooe or 925 Now Kleong dei ng bei dedlend omerequi vaentd iui t modd
downin Figue ?? and us ng any bas cd i tana yd sedni que williel ti n he
folowing el sf orbecoeld  ensusedi negual on 5.1,

g o o od O
\V Rdcq\l sz 1+Zp) N RycZm 1 |
Rac+N?Zm 1+Zp Rac+N2Zm 1+2Zp
= (S
f N RdcZm 1 €m1tZm 2R dctZprtN °Zm Zm > U
RdC+NZZm 1+Zp Rdc+NZZm 1+Zp
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Figure 5. 1: The geom erfi ¢ param eters of he sack.

Theladspi nhemoddded opmenti sdeemi ning hed edom ehani
emsi nequai on 5.4whi haebhessmevai ablesin Figue ??. Thi sisdisused
inteneted onwihbemod fiai onimpemened bi nopoaehemul 1 layer
ionic po ym es

5.3 Desi bing and M odifying the El ectom echan-
icalTem sf or M uli layer Stacks

Thefdlowingemsaeb bedevd  oped and m odi fied b exend he m oddb m ul -
1 layer ks he m edthani aemsZ y,andZnhed ed ca@emsR 4 and Z,
and hed edom etani cooupl ingem N .Themod ficai on willbeesbl ished for
hedi [@entsbdi ng s T he fit vai ablewould betetpeofd edi caoonnes
tonsheopt onsaepaa ldand =i esconned ons The soond vai able would be
hei nef ad abounday condi 1 on;be fit case woul d beno 4 ip,whi le he ssoond

would benofi d on.

5.3.1 TheElecti caTem s

Theded i mpedaneisdexai bed by hetvo em sR dc and Z . The figem
Rg isheDC &8 s@needdinedi nthef dlowing equai on

pdct
Ry = .
dc L tW ) 6 5)
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wheep 4 ishees 4 viyofhepd ymewhi leheoherpaam easaehegeom dy

ofhepad ymeasddinedi n Figue5 1 Asf omodifyinghi sem baocountf or
mulk layersadksi  t sgood b noe hat he m echani cbounday condi  t on doen’ t
hae any 9 gnificant €edt on he d edi caem s (N ew bury, 2002) hus he onl y
vai ableb beons deed woul d beteypeofd edi conned onsTheem R 4
isheDC &3 dance ofhe m abr d,andes dPsaddi n s eswhilein paal Idi ti s
hei nvesx ofhe um oftei nee Thef oeterel tngeguai onforR 4 in e
ofN | (Thi sisddfined asN | bavoi d conf us on wih N te num berofunsi nheai 1)

pdymesomnnekdi n s esis

I\II pdct

Ry = Lw . 6 6)
h case ey ae conneded | npaa ldheequai onis
_ pdct
Rdc - N|LtW. 5 7)

AsforZ ,heequat onford nglelayerpol ym eri sobti nedfom Newbuy sdissef on
b be

t 1
Z, = g 6. 9)
Pdw ) iy

wheen,[];,and p j,aebbedeemi ned nume clyfiom expae mendldab. Si  nce
hi sisanoherf om ofd ed i mpedancehesamenl esasin Ry aeThed oe

heequai onforhepaa ldd edi caoonned onsbeom es
1t - 1

= — - . 9
PONsLw £ 1+5Dpi &9
asforsi esiti s:
t 1
Z,= N, 0 6. 10)
P sLw %ﬁ}pi

5.3.2 TheM echanicalTem s

The mehani@demsons dofZ ,;and Z,and he sadki  ng paam eas hat
alds hoe &m s ae he m ethani cabounday condi tonshataeaf und on of
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heiner fadafid on. Asfohed edi caoonned onsheoet cly ithas no
9 gni ficant eleg; but piad allyduebbheaddi tonofnon- ad veinalat on layes
and hed ed ll eadsadded b e paal ldsadki twoul d change be metani
ems Forhes nglelaygpd ymneghemehani cd [Mbesi sepeened by Z 1
iscom pued us ng Euler Benoul libeam modd . Acoodi ng b Newbury Q002) he

Laplacedomain epesened onis

1Ywt
mi1= g 4Lg ’ 6 11)
w hee
0
B 2+ Xw
Ve I G st &7 &1
and a,§and © w aethef equency dependent paam escom putd f om e GHM
m odd (N ew bury,2002) O n he oher hand te equat on forZ ., » which epesns
hei net aofhepd ymei scompued acodi ngotbef dlowing
3L wt
Zp o= s BT 6 13
d

wheep, ishedens yofhepd ymeandl i shesd ut on ofhe Eul e Benoul li
Beam dhaadai 4 cequai on.Forhefidm odei nad am ped fieebounday condi 1 on
heval ueis 1875 Tomodi fy he mehani alemsbi nopoae he mul i layer
sacks st wi hhed mpedcaeosi eded aomned onswih z2z09d ip
m echanicalboundaly condi  tons hhi scaehe sk wi  Illbe aed asa g ngle
podymewithati dknespiopoi  onab tie num ber ofl ayes

tek = N; [ 6. 14

.and hedf oetemethani calemswi llbewi &nasf odlows

O NEYwe

Z .= )
m1l S 4Lg 6 15)
and
3Lé4 wt
Zpo= N = 2T 6. 16)
d
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haedzoi nef addf id onhepd ymeswilladasgi ngssadedi n
paal ld,whi ch beovea Ival ueisheaddi t on ofhes nge ones The mehani &l
emsaedesy bed asfolows

N|YW1.3
= . 1
m1l S 4Lg 6 7)
and
3L wt
Zpo= N = 2T 6 18)
d

Asforhed edi a@vai ableshepobl emswould bewih hepaal ldsad,
wheesomeinalai on maei ai sadded beveen hepd ymesasdi susedi n Chap-
g2 Thi sinula onisanon-ad velaygghatwoul dinceaehed [des ofhe
gak and coul d bem odded ashepd ymestemsd ves Butf orour puposehoe
d fesaed a vdyanaland coul d be negl eded. Anohermi norpobl em sthe
ded @l eadswhid hasafini ehi dnesButhoe!l eadsaeusua lyplacedinte
dam ped pat of he sack; heef oe he redat under uch d oum seneessi - s be
negl eced.

5.3.3 The Eleciom echani calTem

The em whi ch epesens he d edom echani calooupl ing in be moddi sN ,te
num ber ofuins ofhe and om e The uns e oN isaloved bbeaf und on of
fiequency. h e m odddefined by N ew bury:

u 0
v ' 33

f 7 onTLwt

N = 6. 19)

h oder b obti n he equai on forboh he mul i layer sacks we have b

asimetbateach s ngelayerpad ym erhasa congant
O O O O O o
v Y

2o = N o gt 6 20
fs fn

N = Ng=

1
fiq



Asment oned bef oea thesadksdi susadi nhi shes sael ayeed m ethan-
ialyinpaal ld,| eedingbacmnsntvd  od{ accoshel aweshodebd m pify
hepobl en N smuli plied by hed [Hes Dfubtansf om btef oceei nbvd odt

u

|:| Di DVDI |:| Di DVD

f
N O = — 0= = =, . 21
f u u 6 21)

c.|

Aaodi ng b Newbury E‘LUH = Zmn1t+ Zmawhi ch educss he num ber ofuins

Uy H 1
NE G Zewzoy ° 2
hodebded opeN fora lofhef ourbounday condi 1 onsfigwe sat
wihtenof id oninef adaondi t on.Aacodi ngbequai ons5. 17 and 5. 18, he
em Z 1+ Znwillal epot onalbN | .Cond dei nghed edi @oonned onsf or
s esteovea Ivol Bge ofhe K | sheaddi t onofhes ngelayasv gy = NV
W hiein paal ldoonned on beoved Ivd Bge ofthe sak equal stes nge laye

voBgeVv g = V.Subd uit ngbaki nbequai on5.22weobki nhef dlowing:

Nofid on:
Seai es
0,0
\Y; 1
N=3 Zovzm, s 23
Pad Id:
0,0
N= - 1 Ns 6. 24)

U N@mi*tZmd No

Thenod ipbounday condi f onisteaedonl  yforhel ow fiequency aewhee
Zno<< Zniandbbeneg exd.hthi saxeteem Z ., +Z,,wilsa epot ond
bN 2. Asforhed edi clbounday condi tonheanal yisusdinthenof id on
caxisd lival id.Theef oeN willbesa ed acodi ngbhef olowing:

No Slip:



N = v 1 = & 6. 25
U N2€mi+tZm) N2 '
Paal Id:
N \ 1 N

= s
U N3 mi+Zmy NP &2

5.4 M odified hputO uputR el ai onghi psforM ul -
i layer Tranducers

Befoe expl of ng heeul sfidhe essent algoveni ngequali onswillbe devd oped
forhef ourdi [Bentbounday condi fonsThemoddusdi nthi scom pai sonishe
dm pified m odd wheeheem sN  2Z,, ;<< Z, forhebl oded bounday condi  t on,
andbeem N 22miZn2 << 7 forhef eebounday condi  t onsaeneg eced.

1
Zm l+Zm 2

5.4.1 Im pedances

Theded cali mpedancewillbereduced © ¥ = %Ze and hemodi ficat onscom -

i Rac* Zp

paed bhes ngelayes

Sei es
— = N ., 2
i~ N_LRg + N_Z,, "R + Z, 6. 27)
Paal Id
Ryc Z
V_ NN - 1 RaZp 6. 29)
i Rac 4 Zp N_ Rge + Zp -
N N

Aacodi ng b Newbury he open- diaui tmethani cali m pedance i s ieduced b
hef dlowing fa =Zn1t Zn2W hiletemodi fiat onsfohenof 1d onandnod ip
inef ad abounday condi 1 on ae

Nofi d on:

f
= NuZmo# NuZoyo= NU@ ma* Zmd) 6 29
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No Slip:
f
== NZZm1+ NLZm2= N2 m1+ Zm)) 6. 30

Thisappioxi a on ism ade cong dei ng low fiequency mangewheeZ |, ,<< Zn 1

5.4.2 AcuabrEquai ons

The 9 m pified bl oded f aei sdefined as vau' = %;“ and hem odi ficai onsforhe

fourbounday condi 1 onsae

Nofi d on:
Sei es
f NNLZml NZml
_ = = .31
Paal Id:
f aNLZ N Z
_:NLlL_mlz N m 1 632)
v sz Zy
No Slip
Sai es
f_ngNeZm1 N Zp, &
v N Z, Z, '
Paal |d
f_r\ll\l_gNEZml_N N Z 1 & 3
s )
Y ﬁzp Z,

Thisimpleshati n =i eshebl oded f oewi llema n ongntf ohesme
applied vol egewhi lein paal Idi twillsal e popoi  onalb e num ber of| ayes
The d m pified m odelf orhef eedi placementi s = % and sal eswih hie num ber

ofl ayasN | asfolows
Nofi d on:
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Sai es

u -N 1-N

voNZ, N %, &%)
Pad Id:

=N

u_ w _ —-N

—= =~ 6. 36)

Vo oarp p

No Slp

Sef es

u_ W _ 1-N

—_ NL — B

Sz N = = T .3
Pad Id:

=l = — 6. 39

Those equai ons shows hov he no 4 ip bounday condi  on can educe he | age
defled on ofbhepd ymewhi lehenof i d onand paal ldd edi coonned on was
ablebpesnel agedeled ons

5.4.3 SensorEquai ons

\"

h Newbuy sm oddhe snsorequal onsaed mpifiedb L= %melwhidwisequal
bthebl odked f oce - fVbutopposi 9 gn.Thi sonopti shered pod ¥ peened
by Newbuy,and i td Ilhol dsin muli layeed i onic anduaas T he eng tviy ';
behaveshesameashebl oded f ocei fonef dlowsthesmeana ydsin subssd on
54.2tusi tinceasspopoi  onalb he num ber of aeswi h paa ldsadk ng,
whileema n oonsantf o essadki ng Al lhoeequai onsae com paed b om e

epa mendleul i nhenexsd on,and ageementcoul  d benot ced.
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ourand afund onsae hovn wi h

aom pail on b he m oddfit m pedance,

hed nglelayeri soompaed ba 2| aedski n =i eswheebemoddsal e
by be ng muli plied by 2,.and i ti snot ced hat he m odd s ed acued y Ee
Figue 5. 2) On he oher hand i twasmompaed ba 2l ayerpaa lddadk and

tooul d benot cd fiom Figue5. 2hi st mete
sai bued b he

he moddwassal ed by 12 Asi
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isfubherva idaed when | ooki ng athe paal ldsadkwhi  dh exhi bisf asrol

duebbhei naeaxei n cpad Bnee The bl oded f ooe was com paed b 2,3,and 4

lover
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layaspaal  |dsadksand he m odevery acouiad ypedi cedhei noeaei n bloded
focmasaf und on ofhe numberofl ayasasi tooul d beseni n Figue5. 4.Fi naly
hem odul uss nglelayerpd ymewascompaed b2 ayeswi b di @entmehani
bounday condi 1 onsand shown i n Figue 5. 5. T he fid boundary condi f on ofno

fi d on,whi dhissuppossed b sal e by a f adbr of2,was acoepibl yaouee W hi  le
teno 4 ip bounday condi t on,whi chissupposed b sal eby afadrof2 3= 8,
didn’'tfitwd 1. Thi smightbeduebtheaddi 1 onad [MHescofhedoubl epeadded

b athi evehebounday condi 1 on ofnow 4 ip.

5.6 Sum m ary

h ti sdaper Newbuy smoddwas m odi fied b accom odake be mul 1 layeri onic
nduces Fi & he tvo pot equi vdenttand omerd ui tmoddwas bi  efly
intbduced. Than he m oddwas m odi fied on f our di [@ent boundary condi f ons
twoded @ esand pad ldoonned onsand o methani calno f id on and
nodip inef adalbounday condi ton. Thepaal ldand i esded caomonned on
aédd hetvo d ed i mpedaneemsR pcandZp,and hecoupl ingem N.
Rpcand Zp bohi noeased poopoit  onalb the num berofl ayesi nsi esaonned  on,
and deceased i nvesd y piopot  onalb he num ber of| ayesi n paa ldoonned  on.
Thededomethani calem i smodified by al Ihef ourbounday condi 1 on. The no
fifd on and s esN emained equalb hatofa 9 ngelaygswhi letenof 1 d on
and paal |dN i sdivided by he numberofl ayes Thenod ip bounday condi 1 on
wastkaed f orbel ow fiequency ange and sal ed N by dividing itby he suae
ofhe numberofl ayasf orbesi esoconned on,and he he aube oftie num ber of
layasf ortepaal ldoonned on. h he nextsed on bei nputouputd  ai ondhi ps
fohemul 1 layeriangducaswee pesnied. The s ing in he m oddm athed e
analyd spovi dedin Chaper3f iom heexpei menblesst sThebl oded f oceand
hesend tviyi noeasd piopot  onalb he num ber ofl ayesi n paa ldoonned  on,
while em ained consantf orsei es Thenof i d on bounday condi  t on a 2 poved

bpeevehel agedefled on,whiletenod ip bounday condi 1 on deceased he
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fiee di 9ol acem ent by he aube ofhe num ber of | aesf oot esand heqquaef or
paa ld. hhel atsd on te moddwas com paed b expei mendleul & h
he | owv fiequency lange he m athi ng wasvey good buti tdeer oaed athi ghe
fequend esforhesens  ng etdue b he dhange n capad ance ofhe anduce:
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C hapter 6

Mo Al rVehi de

6.1 htoduci on

Finied ements mulat onson he padaged and unpadaged sacksi [lugee hatwe

@n acued y moddhe m echani  calleponse ofhe angduoas T hi scaperdeal s
wihhedes gnofaflappi ngm edani an usngionicpo ymermaei alsbni cpo ymes
aedes gnedbopeaeandflyaMi  aoAi rVeni deM AV )h he nextsed onweae
going b popoetvowi ngded gnsThoeded gnsaes muleed us nghepevi oudy
illusaed FEA m ehod. h he next subsed on he metani alequi em ens hat
hei onicpodymerhasb megi nodebflybheM AV,whi daeobb nedfom W e
Shyyea .(199aei lludsaked.Fi  nallyasummay ofhi  sshotchaperi spovi ded.

6.2 Applicat on: M AV

M oo Ai rVehi desM AV )hassvealappl il onsintheaeaomi lieyandd vilian
aubnomous uve  llance h mi liey appl ical onsitooul d be used f or dhot enge
Pyi ng orammunit on guiding fund ons Duebi sgna ls zi tooul d beeas ly
cam ouflaged and hi dden fiom teenemy. bni  cngducashd  pin hi sagped be
cause hey end b be m oe nauill ooki ng.bni ¢ pad ym esflap asbi dsand do nat
equi eany methani calgeai  ng,busthey ae al D qui edui ngopeai on.hd vilian



applicai onsM AVsoould beussd i nalcuve  llance

6.2.1 Desgn Paam ekrs

Alhough no aeodynami  ¢m odding waspef om ed on heflappi ng m ethani an spe-
limnay numbeswee obi  ned fom heevi ew paperby W a@Shyy etal . (1999)
Thefdlowing weeusd i n ourdudy:

* Vehi deweghtl eshan 50gm @i rfiameof6 gm,popul  gon syfem of36gm
and conol  sof7gm)

e Wingpanisbamax mum oflsan. Thislimii onisa sandad tiget
foran M AV.

* Thewing shapei ssemidiul abmakehemaxi mum us ofhe aea.

 Thewingonsgantl oadingisobdi ned flom equai on @0)i n W .Shyy,ealand
asuimesaaui sng ped of30- 60K ph and ad il arwing ofdi am eer15 am :

W _ mg 2
— = — = 27.8N/m 1
s~ S 61

 Thewingbeatf equencyi st 10. 4Hz

6.2.2 W nhg Dedgns

Duebi sabi liy b moddoompl ex dhapesofmul 1 layeri onic angducashe po-
posd FEA mehod wasusd bdes gntwodi [@entM AV wi ngsThefigwi ngwas
des gned b bef ully m ade ofi onicpd ym e shess

twasdes gned asasemi dul arwi ng b m ake he betuse ofhe aea coveed
kepi nghesd zotheM AV asana laspos bleashovni nFigue 6. 1. Thewldi us
was7.5an ,andi tequi led 5sadksdfi  onicpo ym erhess00m hi )b geneak
adigplacementofl2 mm pesk b peak i p dipl acem entunderhe appl it on of 28
N/m? lifsf oceataf equengy of10. 1 Hz A soond wi ng was devd oped and was
ompoed oftvodi Bentmall  ashepas weligntmaei ahatf omshewi ng
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Figure 6. 1: The defleci on col or m ap ouput ofhe FEA anal  ysd s of he firgt
wing ded gn.

auf aceand a sak of 10 i onicpdymeadsesof7x5an § zhapef omedas
m ugdes b aduake te wi ng. Thesadk wasabl ebDdefled8 mm athet  p unde
teappl icat on of27. 8N/m? fooceand f equency of20. 4HzFinallyal 1V aduat on
issaf eenough bavoi d deddl yd swhi ch sas b oocur at 1. 2vo &Thusi nour
desgnonecand Ili noreaethef ocebyappoxdi mady 10%.

6.2.3 Com pansn D requi rem ens

The figwi ng des gn wasd o enough bhedes gn equi emens The wea ght of
hepd ymeswascompued bbed4l. 4gm.Thepd ymerisbepl accehepopul son
gEm and hewi ngsheed oehi swilll eael eshan 10gm sf orbeconol sand
he poweroue Thi  sisong deed bbeadi [aul toondai ntbo medepea  aly
when cond dei ng hewe ghtofhe baty. A sf oheoherl  oading condi t onshey
m athed wd Ihe equi Eemens The ssoond wi  ng des gn has a pal ym er we ght of
32.8gm ofpd yme: Thi sisaound 9gm s| es han te fid des gn,buti ti sgood
pbnoehatf othi sdes gnawingfameisequi ed. Asf orthe oher paam eas
het p pesk b pesk di placementi slower han he fid ded on,buthe beasi  ng
fliequency i smuch highee Theetvo ieul  5dem ondak hat sk ng hepa ymer
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hastepoent abpoducavi ablewing des gn,buthee tvo des gns have b be
oons deed f om he asodynami cspoi ntofvi ew befoe be ng cons deed acoepbl e
ti sim poent b noke hat boh des gnscoul d be made much moe € enti fwe
ablebons deramiao layei ngpocesi nwhidh wewould beabl ebexaetahi  gher
poent alperuni thi dneswi houtexceedi nghed edol ydslimi

6.3 Sum m ary

h ti sdapertvo wi  ng des gns hat opeak as flappi ng M AV ae pesened. No
aeodynami c com pued on was pef om ed, aherwe & ied on daa f om W & Shyy
eal .(199) Thefini tdenentana yasbopevi oudy dexi bed in Chaper 3
wasusd bs mubebedes gns Thefidwi ngwasdes gned b bef ully made of
ioni ¢ engducer shees T hi swingisded gned as51 ayas200um smi diaul arshess
oonneced i n paal ld. Thi sdes gn wasableb megtad lheequi emensbuti ts
weghtwasoom pued bbe4l. 4 gm.Thesoond des gn com posd ofi onicpad ym es
asaduabsand a pas velightmagi abhatf omshewi ng suf ace Com paed b
hefigdes gnhi swingisapabl e ofl espesk b peak defled  on butopeaed ata
higherf equency. Thewe ghtofhead vemae ali nhi sded gn was328gm. As
afinaloond udonionicpad ymesweeabl e b aduak he M AV ,butthey ae heavy

and | eftam al Il oad f orhe pow er oiage or pow er geneat on and conoldevi ¢es



C hapter 7

Sum m ary and C ond ud ons

7.1 htoduci on

hhi scaperabi  eaum may ofhewho etbhed sispovi ded. Theoni  but onsb
hefid daed edand maj orcond usonsaedawn.Fi nalyinhel atsed onsome

fuuewok i s poposd.

7.2 Thed sSum m ay

W e have devd oped and dhaacei zed m ult layeri oni ¢ enducas as s espaal |d
and com bined dacks h s esski ng,i onicpodymesaes m ply layeed on bp of
eath oherPaal ldsadki ngiseheamoecmmpl icaed way ofwi 1 nghepd ymes
Dheyaed ed alyin paa ld. On te ohe hand, paal ldgacks 9 gnificant y
im poved he paf omance egadi ng boh aduai on and NS ng. As aduabis be
dedi cpoent adperuni thi dneswasi noeased popoi  onalb he num ber ofl ay-
esi nthepaa ldsk el i ngin lagerangdud onfocesPaa ldsadi nga o
enhanced he ens  t viyywhi dh isa fund on ofhe naue ofte g gnalm easui  ng
diaui t The methani calbounday condi tonepesned i nbhepd ymerinef adal
fi d onwasal o chaacei  zd.haeas ngthei nef adaf ¥ d on inaeased he band-
widh whi ledeceas nghef eedi Pplacem entothepd ymeandvi cevesa A Fi nie
Element Anal ya s FEA) mehod was expl ained,vei fied,and used b numer  ally
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validaehepevi ousoond usonstasumed an appl  ied consant pesue | oad gen-
eabd by each | ayer

The com bined sads wee pesnied and hey cong dofan aduai  on sk,
layeed on bp ofani  naulaed pd ymerand wee used f orf eedbadk conioli n ionic
pdymesThema orpobl em nhombined sackswasbd imnaehef ead-hiough.
Feedtwough i sdefined ashepot on ofheaduai ng sgnalofhe adj acenti onic
podymehati sdied yfed tiough b he ouputs gnalofhe snsor The f exd-
tiough was mai nly due he humi diyy i n he gaps betveen sadks whi d cead a
dot diui thetveen he sensorand he aduab§

Newbury’ s equi valent d Ui t iepiesenel on ofi onic pa ym es was m odi fied
b acom modae hemul tlayerpd ymes Themodi ficai on was pef om ed on f our
di [@ent boundary condi tonstvod ed calhesi esand hepad Idonned on,
and wvo methani alhezoi nef adaf rd onand hezod iponthei nef ae
Thism odified m oddhaste abi liy b moddcant levemul 1 layeri oni c anduaas
asensand aduabis tpiovi desatand efund onthatooul dbeusdi nooniol
and sy | eddes gn ofi onictenduordevi @S

By ud ng he poposed FEA m ehod and saci ng echni que we wee abl e b
desgntvodi EentMi a0 AirVehideM AV)wingsThefidwi ngwasdes gned b
befully m ade ofi onicpad ym ershess twasdes gned asasmi diaul arwing b m ake
he bet use oftie aea coveed eepi ngbesd zobheM AV asana laspos ble)
The ssoond wi ng was ded oped and was com posd oftvo di  [@entmalr as he
pas ve ligntmagi albatf omshewi ng suf aceand a sack of 10 i onic pol ym e
dessof7x5an 9§ zhatpef om ed asm usd esb aduaebewi ng.Fi nallyheFEA
numeicald muk onsindicaed hati  onicpol ymeshae poeni alsbbeons deed
forM AV applical onsa though e wa ght ofhe contol sand powe soue woul  d
beadi[tul toondai ntbmeeti napad clappl il on.



7.3 Conti bui onsb he Fi €ld

Themain coni but on ofhi sesachi sheded opmentand chaacei  zai on ofa
ki ng poesf orionicpdymemal as Thi smuli layersadi  ng prooess was
daecei  sd forf ourd [@ent bounday condi t onsand exended D he des on of
he com bi ned m ult layerangducas T he boundary condi tonsaehetvod ed
@ esand paa ldonned ongand hetvo mehani a@fod ipand nofid on
inef ad alcondi t on) Thoxe boundaly condi  t onspiovi ded he des gnerofpd ymer
Bnducerbae devi e heflexd biliyoi noeae bef oce ouputhe snsor sng -
tviy byus ng paa ldoonned on.ta < povi ded he abi iy b conolhe f Kee
di 9l acem entand duduialiesonance f equency by coniol  ling hei nef adad ip.f
heei snodiphesakwi Illbehaeasi fi twasoneom pl eebl odkthusthe natl
fiequend eswilli noeaswhi letel age f e di 9l acem entwi llbe educed. O n he
onay i fheei snofi d onbewveen hef acesboh he natialf equend esand he
fiee di 9ol acem entwi llbe piesaved. T he com bi ned sacksaedes gnedbbeusdf or
feedback conoli nionicpodymesTheypovi  dedacm paddevi cethati  noopoees
aftl agede omat on aduabrand af  esdbadk snsorem bedded i nd de he sk
Signalf eed twough poved b be hem aj ordi Caul i n com bined sadks taoul d be
ieduced by i noeas ngwakri naul ai on betveen he aduabr and sensor sak.

Two m odeing ba swee peened,he fini ed ementm ehod and Newvbuy s
em pii caAlm odd . TheFEA mehodi susf ulo moddhepeakf  oceordi 9l acem ent
forcom pl ex aduabrgeom el estooul dbeusdbmoddandanal yzthei nef ada
fi d on bounday condi t on.Newbury’ sem pii cam oddwasm odi fied b handl e te
m uli layer angduces T hi smoddi susf uli n deemi ning boh e snd ng and
headual ngnd eteponesofas  mpecant leveri onicangduce beam . Boh
m oddswee val idaed by suceesf  ully com pai ng hem bexpai m eneldaa.

Finally wepoved hathemul 1 layeri onicengducascoul  dbeusdbdes gn
aflappingmico a rvehi de



7.4 Condugon

O her han e bal sand mehodspevi oudy desai bed ivo maj orcond us ons can
bemadeforhesadi ngehni queFi &i tpovi ded a conolon he f oecanddi s
placem entouputand N3t vy ofhe angducer C onned ng bel ayesi n paal ld
educesshevd  Bge equi ementofhe methani  an and alowsusb appl y vol Bges
hat do not exceed e d el ysslimtAl itpovi ded aninceasei n bandwidh
aitbl eforbhedes ed opeaed f equend es Nextd ed clf ead-tiough due b
wakr engoti sakey|l imei onwhen ut lizng snsosand aduabis f orf eedback
onol . Thi sanbed imnaed wi b poperpadkkagi  ng echni quesand good | ayer O
layeri naul ai on.

7.5 Future work

The m ain aiget of hi shes swas b enhanee he pef omance ofi onic po ymes
usng sacki ng Bchni ques The hand | ayeed paal ldsadks hd ped inceas ng he
geneaed f oebuti  tal ©inceassd hewea  ghtorte am ountofpol ymesued.On
heoherhand hi  nnerl ayesi n te paal ldsadk woul d hdp inaeas ng he f oce
wihouti naeas ngbewed ghtieul 1 ngin higherenegy capad  t aduabr T hi nner
layas woul d al® deceae he d  [Aess of he sngor | ayeri n he combi ned sa,
pesvi nghel agef eedi 9l acem entofaduabr sk i nitTheet oeheed engy
ofbemul 1layerehni quespopoed i nhi shes saewd |i nvesed by dedeas g
hel ayarhi dines

Ancherpobl em weboed washedi [aul ¥ off abi i ng paal ldand com -
bined sacksHand | ayai ngofa3| ayapaa |dsadk conum esaound 2 houisand
heell tmigntbeaud esskwi hdotd i 8i nhewmnned ons Theed oe
heaubmat on ofhel ayal ngpoeesi samugd

A poposd f uuewok i sudng Eledoni ¢ SdfAsembl y ESA) echni  ques
inodebmoetel ae ngpoesbhemi ol ed,andauomaei tThe ESA
echni que i s com posd of sevealEps he m g oonesaebhepl asnawameti n



oder b beeak he bonds on he suf acheneti sbadd amond aeron hi s
arf asghan ethi  ngitud ngulavi dael ighthiough amak and fina |y depos t
hegd donppothemond ayer Fuhem oei onicpa ym erdl ui on such asN afion
™oouldbeusd bbui Idad vepd ymemaei a,and ani sl at vepol ym ersol ut on
oould beusd f orhei naulal on.ESA willoont  bukei nethi ngac n paken on
he auf ace enabl ing he | ayes b be connedd | n paal |df orapaa ldsadk Thi s
douldasohdpinceai ngamoeobuscombi ned sadkby maki ngthei nal ai on
betveen te tvo sadks m oe cong $nt

Ancheri m povem entwhi ch would hd piedua ngthef esd tioughi nheoom -
bined sadk i s he devd opm ent of a aurent or chage sensor hat does’ tequi e
goundi ng eéherd de ofhe ensor Thi swashi dly aemped dui  ng he essach
forhi shes swihoutany suces

Fuhem oe Newbuy smoddmodifiai on 9 llequi esf uberi nvwed ga
tons Theexkeme mehani calbounday condi  tonsforhei nef adgalf i d on o
diponof i d on)ae notgenealb cover a Ipos bilit es Thenof i d on bound-
ayoondi tonisvima lyimposble Thed [MHesofhei nalal on laygrwasa
negeled i nhemodd . seédmi  ghtbel agei n Ime asseped  dly in he
om bined sack wheei  ti svaya t cabhef eadhiough pobl em ,and heef oewe
ned athi &kinalal on.Thel agi m povem enti n he m oddwoul d bein acount ng
fobed ed cimpedance acossthei nalai on layeri n he paal ldsadk and he
s 4 viy betveen he conned onsofhepad ymesintesi essk Thees d vy
inheslr esdki sesnt dly amaloompaed bes d viy ofhei  onic pdym g;
buti tmightbecome moe ponounced i n cae henumbesofl ayesaei naeasd,
and he rhi dnesdenseased. Asf orhepaa |dshak he capad ancee i nioduced
acoshei mpedanceisfaitylage and mi ghtbe com paabl e b he one acoss he
ionic pa ym &

Finally, new non- aqueous based i onic po ymes ae be ng devd oped witi n
our goup. M at B ennet has sucoessf ully usd i onicliquidsas <o vensf orhe new
tangduces bni cliqui dshave zeo vaporpesueand hey al Loewi dad ed
sbi liy. They aenonval  al lewhich educesthe need f orpadkagi ng,and he wi de
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ded calsbi iy povi deslageropeal  ng vol Bges and heef  oe povi  des | aiger
foossand di placment Thema ol imiet on whidh isunderaurenti  nved gal on
ished ov epone Webd ieehathi nnerl ayasshoul d be abl e bi naease he
eponEe iak, 9 ne itwillbe a o avd b he i ons aaoss he anduce:
Thef oe mioo layeed mul &l yerengduermi ghthd p in inceas ng he egponse
|e ofhei onicliquid based anducas Futhem oe te d imnal on of waer
would be a hd pfulf ortef eadtiough pobl  em in te com bi ned aduabis
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